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Redistribution  reactions  between  borane  and  haloborane 
adducts  of  amines  are  examined  in  hydrocarbon  or  halogenated 
hydrocarbon  solvents.  The  reactions  investigated  include 
hydrogen-halogen  and  hydrogen-amine  exchange.  The  hydrogen- 
halogen  redistribution  reactions  studied  include  those  be- 
tween substituted  pyridine-boryl  and  trimethylamine-boryl 
groups,  and  between  two  identical  pyridine-boryl  moieties. 
Hydrogen-amine  exchange  is  investigated  for  the  reaction  of 
a substituted  pyridine-borane  with  its  monoiodinated  deriva- 
tive. Thus,  for  the  adducts  of  pyridine  donors,  both  types 
of  exchange  are  observed  in  the  same  reaction  system. 

Equilibrium  constants  are  determined  for  hydrogen-io- 
dine exchange  between  substituted  pyridine-boranes  and  tri- 
methylamine-iodoboranes , and  from  them  coordination  enthal- 


xx 


pies  of  a series  of  pyridine  donors  with  iodoborane  are  as- 
certained. Based  on  the  substituent  effects  on  these  coor- 
dination enthalpies,  it  is  proposed  that  as  an  acceptor 
toward  pyridine  donors,  iodoborane  is  sterically  similar  to 
borane,  but  electronically  the  iodoborane  moiety  contains  a 
more  postive  boron  atom  and/or  a more  contracted  acceptor- 
orbital  . 

A kinetic  study  of  the  hydrogen-iodine  exchange  reaction 
indicates  first  order  rate  dependence  with  respect  to  each 
reactant.  The  rate  of  hydrogen-halogen  redistribution  is 
relatively  insensitive  to  changes  in  the  steric  and  electronic 
properties  of  the  pyridine  donor  and  ionic  strength  of  the 
reaction  medium,  but  increases  sharply  as  the  atomic  weight 
of  the  halogen  increases.  The  reaction  is  not  catalyzed  by 
free  Lewis  acid. 

A mechanistic  investigation  of  the  hydrogen-iodine  re- 
distribution reaction  demonstrates  that  the  exchange  process 
is  not  initiated  by  predissociation  of  a bond  to  boron  to 
produce  a trigonal  species,  but  proceeds  by  the  bimolecular 
reaction  of  coord inatively  saturated  amine-borane  and  amine- 
iodoborane  adducts.  A cyclic  four-center  transition  state 
is  advanced.  Based  on  ultraviolet  spectral  data  it  is  pro- 
posed that  amine-iodoboranes  may  exist  as  intimate  ion  pairs 
in  solvents  of  low  dielectric  constant.  The  ion  pair  model 
provides  the  unsaturation  at  boron  required  for  facile  four- 
center  exchange. 
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The  analysis  of  the  hydrogen-halogen  redistribution 
reactions  is  complicated  by  the  occurrence  of  a secondary 
reaction  formulated  as  the  exchange  of  hydride  on  the  pyri- 
dine-borane  for  a donor  molecule  of  the  pyridine-iodoborane 
to  form  ionic  products,  the  dihydrobis (pyridine) boronium 
cation  and  the  iodoborohydride  anion.  The  anion  is  not  iso- 
lated, presumably  due  to  instability  with  respect  to  forma- 
tion of  diborane  and  iodide  ion,  which  are  obtained  as  pro- 
ducts . 

A kinetic  study  of  the  reaction  leading  to  boronium 
cation  formation  reveals  first  order  rate  dependence  with 
respect  to  each  reactant  and  negative  one-half  order  with 
respect  to  the  product,  diborane.  Electron-donating  substit- 
uents at  the  para  position  of  the  pyridine  ring  reduce  the 
rate  of  reaction  as  do  ortho  alkyl  substituents.  In  all 
cases  examined,  hydrogen-iodine  exchange  between  two  pyri- 
dine adducts  is  much  faster  than  boronium  cation  production. 

As  with  hydrogen-halogen  redistribution,  a dissociative 
mechanism  for  boronium  cation  formation  is  eliminated.  The 
exchange  process  is  initiated  by  the  birnolecular  reaction  of 
coordinati vely  saturated  amine-bo rane  and  amine-iodoborane . 
Nucleophilic  displacement  of  a donor  molecule  from  the  pyri- 
dine-iodoborane by  a boron-hydrogen  bond  of  the  pyridine- 
borane  to  form  a bridged  intermediate  is  proposed.  Subse- 
quent attack  of  the  bridged  species  by  the  displaced  amine 
yields  the  products.  The  inhibitive  influence  of  diborane 
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is  attributed  to  its  complexation  with  the  intermediary  free 
amine . 

The  utility  of  hydrogen-donor  redistribution  reactions 
for  the  preparation  of  bis (pyridine) boronium  salts  is  demon- 
strated, and  the  optimum  conditions  for  synthesis  are  dis- 
cussed. The  stabilities  of  boron  Lewis  acid  adducts  of 
amines  with  respect  to  bis (amine) boronium  cation  formation 
in  general  are  interpreted  in  terms  of  the  proposed  mechanism. 

The  mechanisms  of  hydrogen-halogen  and  hydrogen-amine 
exchange  are  compared. 
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CHAPTER  I 
INTRODUCTION 

Redistribution  reactions  in  inorganic  chemistry  have 
received  considerable  attention  in  the  last  decade,  and  have 
been  the  subject  of  review  articles,  a conference,  and  a 
book.1  1 As  originally  formulated  by  Skinner,4  a redistri- 
bution reaction  is  one  in  which  bonds  change  in  relative 
positions,  but  not  in  numbers  or  types.  In  its  loosest  sense, 
this  definition  includes  reactions  of  the  type 

Donor  BX,  + Donor,  -*■  Donor.BX-  + Donor  (1) 

a o b b J a 

in  which  a Lewis  base  is  displaced  from  its  adduct  with  a 
boron  Lewis  acid  by  a second  donor  molecule.  Van  Wazer5  has 
modified  the  Skinner  definition  by  requiring  that  bonds  be 
broken  and  formed  to  two  or  more  central  moieties  during  the 
course  of  the  reaction.  This  more  stringent  definition, 
which  v/ill  be  adhered  to  herein,  eliminates  reactions  analo- 
gous to  1 above  from  consideration  as  redistribution  re- 
actions. However,  the  displacement  of  a Lewis  acid  from  its 
complex  with  a neutral  donor  by  a second  Lewis  acid 

DonorBX3  + BX2Y  DonorBX2Y  + 3X3  (2) 

can  be  considered  a redistribution  reaction.  Focusing  on 
boron  as  a central  atom,  the  reaction  can  be  envisioned  as 
the  exchange  of  a B-X  bond  in  the  adduct  for  a B-Y  bond  in 


1 


2 


the  free  acid,  regardless  of  whether  this  interpretation  is 
mechanistically  correct. 

The  redistribution  reactions  of  the  Group  III  A elements, 
in  particular  boron,  have  received  considerable  attention. 
Especially  notable  are  the  exchange  reactions  of  the  coordi- 
natively  unsaturated  trigonal  boron  compounds. 

bx3  + by3  bx2y  + bxy2  (3) 

X X Y ^ 

XBX  XB  ^ 

XY^ 


In  monomeric  three-coordinate  boron  compounds,  the  boron 
2 

atom  is  sp  -hybridized  with  a vacant  2p  orbital  available 
for  bond  formation.  Consequently,  the  boranes  can  form 
bridged  dimers  as  intermediates  of  relatively  low  energy 

via  the  formation  of  three-center  bonds.  Likewise,  dimeric 
boranes  can  undergo  analogous  exchange  processes  by 

predissociation  into  monomeric  or  singly  bridged  species. 


XX  XX 

^ 2BX-,  (4 

^ \x  x jl  \x  3 


In  either  event,  at  least  one  unsaturated  boron  atom  capable 
bridge  formation  is  liberated.  Redistribution  reactions 
of  monomeric  and  dimeric  boranes  have  been  investigated  for 
a variety  of  substituents  on  boron,  and  numerous  kinetic  and 

1 ^ f.  — Q 

thermodynamic  studies  have  been  reported.  ' 

Exchange  reactions  between  a borane  moiety  and  another 


3 


element  as  a central  atom  have  been  exploited  synthetically, 

although  few  kinetic  and  thermodynamic  data  are  avail- 
1,9-13 

able. 

Redistribution  reactions  between  a saturated  four-coor- 
dinate boron  atom  in  a donor-borane  complex,  and  an  unsatu- 
rated boron  atom  in  a free  Lewis  acid  have  also  been  exten- 

• , • . . . , 7,12,14-23 

sxvely  investigated. 

DonorBX.  + BY,  -*•  DonorBX,  Y + BX  Y,  (n=l , 2or3 ) (5) 

j 3 3-n  n n 3-n 

This  reaction  scheme  has  been  employed  to  prepare  and  study 
new  donor-acceptor  complexes,  and  considerable  thermodynamic 
and  mechanistic  data  are  available.  Isotopic  labelling  ex- 
periments have  demonstrated  that,  for  the  strong  donor  tri- 

methylamine,  the  boron-nitrogen  dative  bond  remains  intact 

14  . 

during  the  exchange  process.  An  exchange  process  initiated 
by  bridge  bond  formation  to  the  unsaturated  boron  atom  is 
consistent  with  the  experimental  data. 

In  contrast  to  the  wealth  of  data  reported  for  the 
redistribution  reactions  of  systems  containing  unsaturated 
boron  atoms,  the  exchange  of  substituents  between  two  four- 
coordinate  central  boron  atoms  has  received  little  attention. 
The  scarcity  of  data  in  this  area  is  not  surprising  since 
the  tetrahedral  boron  atoms  in  these  compounds  are  coordi- 
natively  saturated  with  no  vacant  orbitals  available  for 
bridge  bond  formation.  The  exchange  of  substituents  between 
two  saturated  boron  atoms  in  neutral  donor-borane  complexes 
can  be  classified  into  two  general  types . The  first  of  these 
catagories,  which  will  be  referred  to  as  ligand-ligand  ex- 
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change,  involves  the  redistribution  of  substituents  in  the 
acid  portions  of  the  donor-borane  complexes. 


DonorBX  Y Z + Donor  BX.Y.Z,  - DonorBX.Y  Z + 
a a a bbb  baa 

DonorBX  Y.Z, 
a b o 


(6-a) 


DonorBX  Y Z f DonorBX,  Y^Z^. 

a a a bbb 


Donor  BX.Y.Z  + 
b b a 


DonorBX  Y Z, 
a a b 


( 6 — b ) 
24 


Donors  employed  have  included  ethers7,20  dimethylsulf ide . 

esters,  “ phosphine,26,27  triethylamine , 28  and  N,N-dimethyl- 
. . 29 

aniline.  In  all  systems  studied,  the  donor  molecules  in 
the  two  exchanging  complexes  were  identical.  No  reports  have 
been  made  of  redistribution  reactions  between  two  complexes 
with  different  donor  molecules.  The  other  substituents  on 
boron  have  included  halogens  and  hydrogen,  and  in  general, 
all  three  ligands  in  a given  boron  atom  were  identical. 
Although  some  equilibrium  constants  have  been  reported,  no 
rate  or  mechanistic  studies  have  been  conducted. 

The  ability  of  two  complexes  to  undergo  exchange  appears 
to  have  an  inverse  relationship  with  the  strength  of  the 
donor-acceptor  bond.  Boron  trihalide  complexes  of  the  strong 
donor,  trimethylamine , fail  to  exchange  halogens  under  con- 
ditions where  the  much  weaker  dimethylether  adducts  exchange 
readily . 14 ' 16 ' z0  Trimethylamine  adducts  undergo  facile  ex- 
change only  with  uncomplexed  boron  trihalide.  Consequently, 
it  has  been  proposed  that  the  exchange  of  substituents  be- 
tween two  four-coordinate  boron  atoms  can  transpire  only  if 
dissociation  to  a trigonal  boron  atom  occurs  as  a first 
step. 
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With  the  exception  of  triethylamine , * all  of  the  donor 
molecules  studied  to  date  are  sufficiently  weak  bases  toward 
the  respective  boron  Lewis  acids,  that  at  room  temperature 
a dissociative  mechanism  initiated  by  cleavage  of  the  coor- 
dinate aonor-borane  bond  is  likely. 

(7) 


DonorBX  Y Z 
a a a 


=5s  Donor  + BX  Y Z 
a a a 


The  Lewis  acid  so  liberated  would  be  free  to  exchange  sub- 
stituents with  a molecule  of  donor-borane  complex  in  a re- 
action analogous  with  equation  5, 

BX  Y Z + DonorBX,  Y.Z,  + BX,  Y Z,  + DonorBX  Y.Z,  (8) 
aaa  bbb  bbb  abb 

or  with  another  molecule  of  Lewis  acid  in  a reaction  analo- 
gous with  equation  3 . 


BX  Y Z + BX.Y.Z,  -*>  BX,  Y Z + BX  Y,  Z, 
aaa  bbb  baa  abb 


(9) 


In  either  event,  redistributed  Lewis  acid  could  recombine 

with  a donor  molecule,  and  a scrambling  of  the  substituents 

on  the  two  tetrahedral  boron  atoms  would  result. 

14  13 

Miller  and  Hartman  have  concluded  that  the  exchange 
of  the  substituents  on  boron  in  complexes  with  strong  donors 
requires  the  presence  of  an  unsaturated  boron  moiety  in  the 
system.  Exchange  between  two  saturated  boron  atoms  can  occur 
only  if  preceded  by  predissociation  to  a trigonal  boron 


*Although  triethylamine  is  a strong  donor  toward  boron  Lewis 
acids,  the  exchange  reactions  reported  by  Faulks^S  were  con- 
ducted at  sufficiently  high  temperatures  (100-120°C)  that 
boron-nitrogen  bond  cleavage  is  expected,  Coyle  has  demon- 
strated that  significant  boron-nitrogen  bond  cleavage  occurs 
at  60°C  for  the  triethylamine  adducts  of  boron  trifluoride 
and  boron  trichloride . x3 
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species.  The  first  evidence  to  the  contrary  is  reported  in 
this  study.  Facile  exchange  of  ligands  between  saturated 
complexes  of  boron  Lewis  acids  with  strong  donors  such  as 
trimethylamine  and  pyridine  have  been  observed  under  non- 
dissociative  conditions. 

The  second  general  category  of  redistribution  reactions 
between  four-coordinate  boron  atoms  in  neutral  donor-borane 
complexes  will  be  referred  to  as  donor-ligand  exchange.  In 
this  type  of  reaction  a neutral  donor  molecule  in  one  complex 
is  exchanged  for  a negatively  charged  substituent  in  the  acid 
portion  of  another  molecule  of  complex,  resulting  in  the 
formation  of  charged  products. 

2DonorBX3  + (Donor) 2BX2+  + BX4“  (10) 


Examples  of  this  reaction  are  rare,  and  evidence  for  its 

operation  has  been  presented  only  for  pyridine, ^ piperi- 

30  31-33  29 

dine,  acetonitrile,  and  two  aniline  derivatives  as 

donors,  all  with  halogen  ligands  on  boron.  In  addition, 

Gillespie  and  Hartman  have  suggested  that  reaction  10  is  a 

significant  step  in  a reversible  reaction  sequence  leading 

to  the  exchange  of  fluorine  substituents  between  boron  atoms 

in  ketone  adducts  with  boron  trif  luoride . ^ It  has  also 

been  proposed  that  reversible  donor-ligand  exchange  exists 

34 

for  ammonia  and  alkylamine  adducts  with  BH^ . 

2AmineBH.,  (Amine) 2BH2+  + BB4  (11) 


Whether  this  equilibrium  actually  exists  has  been  the  sub- 

35-39 

ject  of  considerable  controversy  in  the  literature. 
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The  latest  results  indicate  that  the  tendency  of  the  reac- 
tion to  proceed  in  either  direction  at  a given  temperature 
is  quite  dependent  on  solvent  (if  any) , and  the  presence  or 
absence  of  trace  impurities.  Nevertheless,  it  is  probably 
correct  to  state  that  the  reaction  has  in  fact  been  observed 
to  occur  in  each  direction  in  separate  systems,  although  the 
question  of  facile  equilibriums  between  amine-borane  and 
salt  has  yet  to  be  resolved. 

No  rate  data  for  reaction  10  have  been  reported,  and 

equilibrium  data  have  been  limited  to  the  statement  of 

30 

Greenwood  and  Wade  that  the  reaction  proceeds  approximately 
1%  toward  the  ionic  products  in  melts  of  the  pyridine  and 
piperidine  adducts  of  boron  trichloride.  The  present  study 
reports  the  first  kinetic  and  mechanistic  investigation  of 
a reaction  formulated  as  donor-ligand  exchange,  and,  as  for 
ligand-ligand  redistribution,  a nondissociative  reaction 
mechanism  is  proposed. 

In  summary,  relatively  little  information  has  been  re- 
ported for  redistribution  reactions  between  two  four-coordi- 
nate boron  atoms,  with  minimal  thermodynamic  data,  and 
essentially  no  rate  or  mechanistic  data  available.  The  pres- 
ent study  provides  a detailed  investigation  of  the  kinetics 
and  mechanisms  of  ligand-ligand  exchange  and  donor-ligand 
exchange  reactions  in  the  same  system,  including  redistribu- 
tion between  complexes  of  different  donor  molecules.  Sub- 
stituent exchange  between  saturated  boron  atoms  via  a non- 


dissociative mechanism  is  demonstrated  for  the  first  time. 
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Further,  an  equilibrium  and  thermodynamic  study  of  ligand- 
ligand  redistribution  is  presented.  The  results  of  the  rate 
and  equilibria  studies  have  been  combined  with  electronic 
spectral  data  to  formulate  a reaction  path  at  tetrahedral 
boron  that  may  have  far-reaching  implications. 


CHAPTER  II 

MATERIALS , APPARATUS  AND  PROCEDURES 


Materials 

Pyridine-borane  and  trimethylamine-borane  were  obtained 
from  Callery  Chemical  Company  and  were  vacuum  sublimed  be- 
fore use.  Pyridine-borane  was  stored  at  -10°C.  Pyridine 
amines  were  obtained  from  Aldrich  Chemical  Company  and  were 
dried  over  calcium  hydride  and  distilled  before  use.  Cylin- 
der gases  were  obtained  from  the  Matheson  Company  and  were 
used  without  further  purification.  Diborane  was  prepared 
by  the  method  of  Jolly, ^ and  was  purified  immediately  be- 
fore use  by  several  vacuum  distillations  through  a -130°C 
trap  (n-pentane  slush) . Solvents  used  were  reagent  grade 
except  for  those  employed  in  ultraviolet  spectral  studies, 
for  which  spectral  grade  solvents  were  used.  Solvents 
were  rigorously  dried  and  distilled  before  use,  discarding 
the  first  and  lasc  10  % of  the  distillate.  Hydrocarbon 
solvents  and  ethers  were  dried  over  calcium  hydride  or  ben- 
zophenone  and  sodium-lead  alloy,  and  chlorinated  hydrocar- 
bons were  dried  over  phosphorus  pentoxide.  Except  where 
noted,  all  other  chemicals  were  commercially  available  and 
were  reagent  grade.  When  necessary  they  were  dried  before 
use  by  appropriate  means. 
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Apparatus  and  Procedures 

Infrared  spectra  were  obtained  using  a Beckman  IR-10 
spectrophotometer.  Solid  samples  were  prepared  as  KBr  pel- 
lets,  samples  in  solution  were  prepared  in  0.1  mm  cells  with 
KBr  windows,  and  gas  samples  were  prepared  in  a 5 cm  gas  cell 
with  NaCl  windows.  Spectra  were  referenced  at  1601  cm  ^ and 
2850  cm  ^ with  polystyrene  film.  Intensities  of  absorptions 
are  described  as  wk  = weak,  v wk  = very  weak,  med  = medium, 
and  st  = strong;  and  shapes  of  absorptions  are  described  as 
s = sharp,  br  = broad,  and  sh  = shoulder. 

Proton  nmr  spectra  were  obtained  at  60  MHz  using  a 
Varian  Model  A60-A  spectrometer.  Chemical  shifts  are  reported 
in  Hz,  downfield  from  tetramethylsilane  as  an  internal  stand- 
ard. A Varian  V-6040  variable  temperature  controller  was 
used  to  obtain  low  temperature  spectra.  ^B  nmr  spectra  were 
obtained  at  32.1  MHz  using  a Varian  Model  XL-100  spectro- 
meter. Chemical  shifts  are  reported  in  ppm,  upfield  from 

19 

trimethylborate  as  an  external  standard.  F nmr  spectra 
were  obtained  at  94.1  MHz  using  a Varian  Model  XL-100  spec- 
trometer, with  chemical  shifts  reported  in  ppm,  downfield 
from  tr if luoroacetic  acid  as  an  external  standard. 

Ultraviolet  spectra  were  obtained  using  either  a Cary 
15  recording  spectrophotometer  or  a Beckman  DB-G  grating 
spectrophotometer  with  1 cm  or  1 mm  fused  silica  sample  cells. 

Melting  points  were  recorded  on  a Thomas-Hoover  appara- 
tus and  were  uncorrected. 
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Constant  temperature  baths  employed  were  the  Poly- 
science-Haake  Type  FJ  and  the  American  Instrument  Company 
Model  Y 01-431. 

The  planimeter  used  was  obtained  from  the  American  In- 
dustrial and  Scientific  Company,  model  # 13/83993. 

Least  squares  calculations  were  performed  using  either 
a Wang  700  Series  advanced  programming  calculator  with  linear 
regressions  program  no.  5643,  sub-routine  0000,  or  a Wang  500 
Series  advanced  programming  calculator  with  linear  regressions 
programs  no.  2123  and  1882. 

All  procedures  required  for  the  preparation  and  hand- 
ling of  amine-haloborane  solutions  were  performed  in  a Dri- 
Lab  inert  atmosphere  chamber  from  Vacuum/Atmospheres  Corpo- 
ration. When  it  was  necessary  to  cool  kinetic  samples  be- 
low ambient  temperature  in  the  Dri-Lab,  a Hoke  Mini-Freezer 
Model  PS  1 electric  cooling  unit  was  used.  Stock  amine- 
borane  and  amine-haloborane  solutions  were  stored  at  -10 °C 
in  tightly  stoppered  volumetric  flasks  in  closed  containers 
with  Drierite  desiccant. 

Elemental  analyses  were  performed  by  Peninsular  Chem- 
Research,  Incorporated,  Gainesville,  Florida,  and  Galbraith 
Laboratories,  Incorporated,  Knoxville,  Tennessee. 


CHAPTER  III 

EXPERIMENTAL  AND  RESULTS 


Kinetic  and  Thermodynamic  S tudies 
Synthesis  of  Starting  Materials 
Synthesis  of  amine-boranes 

Whereas  pyridine-borane  was  commercially  available  tor 
use  in  the  rate  and  equilibrium  studies  -it  was  necessary  to 
prepare  the  substituted  pyridine-boranos  and  deuterated 
amine-boranes  by  a variety  of  synthetic  procedures.  The 
products  were  all  obtained  as  white  crystalline  solids  ex- 
cept 2-t-butylpyridine-borane  which  melts  near  room  temper- 
ature. Before  use  the  solid  materials  were  repeatedly  re- 
crystallized until  melting  points  greater  than  or  equal  to 
literature  values  were  obtained;  2-methylpyriaine-borane 
was  an  exception.* 

Synthesis  of  4-methylpyridine-bornne . Trimethylamine- 
borane  (41.65  g,  0.1571  mole)  and  4-methylpyridine  (85.0  ml, 
0.860  mole,  bp  = 143 . 8-144 . 0°C  at  756  mm)  were  dissolved  .in 
300  ml  of  dry  benzene  and  heated  in  an  oil  bath  at  55-b0  C 


*Several  recrystallizations  of  2-methy Ipyridine-borane  failed 
to  reproduce  the  literature  melting  point.  Several  investi- 
gators in  this  laboratory  have  prepared  and  purified  2-methyl 
pyridine-borane  by  a variety  of  method;!,  hut  none  have . been 
able  to  attain  the  literature  value  for  the  meeting  point,  oO 
that  this  value  may  be  suspect. 
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for  19  hr.  The  volatile  materials  were  removed  under  nitro- 
gen flow  and  vacuum  and  the  crude  product  was  recrystallized 
from  benzene  by  the  addition  of  hexanes  to  give  purified 
4-methylpyridine-borane  (40.09  g,  0.376  mole,  65.9%  yield). 

The  purified  product  had  a melting  point  of  73.8-74.5°C 
(lit.  72-7 4°C41) . 

Synthesis  of  2-methylpyridine-borane  and  2 , 6-dimethyl- 

pyridine-borane . The  free  amines  were  distilled  before  use 

with  2-methylpyridine  boiling  at  128. 0°C  at  760  mm,  and  2,6- 

dime  thy  lpy  rid  ine  boiling  at  142. 0°C  at  758  mm.  The  amine- 

boranes  were  prepared  by  the  method  of  Nainan  and  Rysc'nke- 
4 2 

witsch  “ with  a modification  of  the  work-up  procedure.  The 

crude  products  were  extracted  with  distilled  water,  filtered, 

and  dried  under  vacuum  before  extraction  with  benzene  and 

recrystallization  by  the  addition  of  hexanes.  Omission  of 

the  aqueous  extraction  resulted  in  a considerable  amount  of 

sodium  iodide  as  an  impurity  in  the  recrystailized  product. 

The  melting  points  of  the  purified  products  were  46.6-47. 0°C 
41 

(lit.  50-51°C  ) for  2-methylpyridine-borane  and  110.5- 

111. 5°C  (lit.  110-1I1°C41)  for  2,6-dimethylpyridine-borane. 

Synthesis  of  4-chloropyridine-borane . Sodium  borchy- 
dride  (13.63  g,  0.360  mole)  was  slurried  with  600  ml  of 
mor.oglyme  and  solid  4-chloropyridine  hydrochloride  (45.0  g, 
0.300  mole)  was  added  in  portions  over  a 1 hr  period.  The 
mixture  was  slurried  until  gas  evolution  had  stopped.  The 
volatiles  were  then  removed  under  nitrogen  flow  and  vacuum. 
The  residue  was  extracted  with  900  ml  of  benzene  and  filtered 
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Evaporation  of  the  filtrate  gave  34,33  g (0,270  mole,  90,0% 
yield)  of  crude  product  which  melted  at  115-125 °C,  After 
three  recrystallizations  from  benzene  by  the  addition  of 
hexanes,  a purified  product  melting  at  136 . 5-137 . 5°C  was  ob- 
tained . 

Synthesis  of  2-t-butylpyridine-borane . The  method  of 

42 

Naman  and  Ryschkew.it sch  failed  to  produce  any  significant 

yield  of  2-t-butylpyridine-borane,  presumably  due  to  the  in- 
ability of  the  hindered  amine  to  compete  favorably  with  the 
coordinating  solvent  (monoglyme)  for  borane.  Instead,  it 
was  necessary  to  prepare  the  adduct  by  condensation  of  di- 
borane  onto  the  free  amine  on  the  vacuum  line.  Freshly 
purified  diborane  (0.00580  mole,  20%  excess)  was  condensed 
at  -196°C  into  a 50  ml  round  bottom  flask  containing  2-t- 
butylpyridine  (0.00966  mole)  which  had  been  dried  over  cal- 
cium hydride  and  filtered  before  use.  The  mixture  was 
allowed  to  warm  to  room  temperature  and  was  slurried.  The 
condensation  and  warming  processes  were  repeated  until  no 
more  diborane  was  absorbed.  The  total  amount  of  diborane 
absorbed  (0,00457  mole)  was  94.6%  of  the  theoretical  amount. 
The  nmr  spectrum  of  the  crude  product  revealed  the  presence 
of  an  impurity  which  could  not  be  removed  by  vacuum  distil- 
lation. The  integrated  area  of  the  impurity  in  the  methyl 
region  of  the  nmr  spectrum  was  9%  of  the  total  aliphatic 
area.  The  2-t-butylpyridine-borane  was  used  without  further 
purification  since  the  impurity  was  found  to  be  unreactive 
in  the  systems  studied.  The  melting  point  of  the  product 
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4 1 

was  21-23°C  (lit,  24— 25°C  " ) , Contrary  to  the  report  of 

4 1 

Brown  and  Domash,  the  2-t-butylpyridine-borane  was  found 
to  be  unstable  to  air,  decomposing  rapidly  with  gas  evolu- 
tion on  exposure  to  the  atmosphere. 

Synthesis  of  trimethylamine-borane-d-^ . Trimethylamine- 
borane-d^,  (CH^^NBD^,  was  prepared  from  trimethylamine- 

borane,  sulfuryl  chloride,  and  deuterium  oxide  according  to 

4 3 

the  method  of  Davis.  ‘ The  procedure,  which  is  reported  to 
yield  98.1%  deuteration  on  boron,  was  repeated  three  times 
to  insure  isotopic  purity  in  excess  of  99%. 

Synthesis  of  4-methylpyridine-borane-d., . 4-Methylpyri- 
dine-borane-d^ , (4-CH3pyBD3 ) , was  prepared  by  the  method 
described  previously  for  4-methylpyr idine-borane  substitut- 
ing trimethylamine-borane-d^  (see  above)  for  trimethylamine- 
borane.  The  recrystallized  product  had  a melting  point  of 
7 3 . 0-7  4 . 8 °C . 

Synthesis  of  amine-haloboranes 

The  amine-haloboranes  (R^NBf^X,  X equal  to  halogen)  used 
in  the  kinetic  and  thermodynamic  studies  were  prepared  from 
the  amine-boranes  described  previously  and  a variety  of 
halogenating  agents  according  to  established  procedures . ^ 4 ' 4 J 
In  general,  the  amine-halcboranes  were  prepared  in  situ  and 
were  used  without  isolation.  Stock  solutions  were  stored  in 
stoppered  volumetric  flasks  kept  in  closed  jars  containing 
Drierite  in  a freezer  at  -10°C. 

Equilibrium  Constants  for  the  Hydrogen-Halogen  Exchange 
Reactions  of  Pyridine-Boranes  with  Trimethylamine-Haloborane s 

The  equilibrium  constants  (Keq)  for  the  hydrogen-iodine 
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exchange  reactio 
chloride  at  35°C 
rium  mixtures. 


n (reaction  37)  were  determined  in  methylene 
by  integration  of  "H  nmr  spectra  of  equilib 
In  general,  equilibrium  was  approached  by 


reacting  the  pyridine-borane  derivative  with  trimethylamine- 
iodoborane.  However,  for  4-methylpyridine-borane , equilib- 
rium was  approached  from  both  sides. 

The  reaction  mixtures  were  prepared  by  the  addition  of 
an  aliquot  of  amine-haloborane  stock  solution  to  a weighed 
amount  of  amine-borane  or  to  an  aliquot  of  amine-borane  stock 
solution.  Thus,  the  relative  concentrations  of  the  starting 
materials  were  known  except  for  2-t-butylpyridine-borane . 

In  this  case,  the  amine-borane  contained  an  impurity,  so  the 
relative  concentration  of  2-t-butylpyridine-borane  was  deter- 
mmea  by  integration  of  the  1H  nmr  spectrum  with  trimethyl- 
amine-iodoborane  as  an  internal  standard. 

The  reaction  mixtures  were  allowed  to  stand  in  stoppered 
test  tubes  for  approximately  4-6  hr  in  the  Dri-Lab  inert  at- 
mosphere chamber  at  35°C.  Then  samples  of  each  solution  were 
transferred  to  nmr  tubes  and  nmr  spectra  were  taken  at  35°C. 

In  each  case,  the  spectrum  contained  resonances  attributed 
to  trimethyl amine-borane  and  the  iodinated  pyridine-borane 
as  well  as  those  of  the  starting  materials  (see  Figure  53 
for  4-methylpyridine-borane) . The  spectral  scans  were  re- 
peated until  no  further  change  was  observed  in  the  135  to 
185  Hz  region  of  the  spectrum  operating  at  a sweep  width  of 

50  HZ  °Ver  a 30  min  Period.  Once  equilibrium  had  been  estab- 
lished, the  spectrum  of  each  sample  was  integrated  at  a 50  Hz 
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sweep  width  by  means  of  a planimeter  which  had  been  demon- 
strated to  be  accurate  and  precise  to  within  0.5%  of  the 
measured  areas.  For  the  4-chloro,  2-t-butyl,  and  unsubsti- 
tuted pyridine  derivatives , the  relative  concentrations  of 
trimethylamine-borane  and  trimethylamine-iodoborane  were 
obtained  directly  by  integration  of  their  respective  signals 
at  156  Hz  and  169  Hz.  For  the  4-methyl,  2-methvl,  and  2,6- 
dimethylpyridine  derivatives  it  was  not  possible  to  inte- 
grate both  the  trimethylamine-borane  and  trimethylamine- 
iodoborane  peaks  due  to  the  overlap  of  one  of  these  with  a 
pyridine  methyl  resonance.  However,  in  each  case  it  was 
possible  to  integrate  either  the  trimethylamine-borane  or 
trimethylamine-iodoborane  area  vs.  the  total  aliphatic  area 
(135  to  185  Hz) . Then  simple  calculations  based  on  the 
known  stoichiometry  of  the  system  provided  the  relative  in- 
tegral areas  of  the  trimethylamine-borane  and  trimethyl- 
amine-iodoborane  resonances.  Although  absolute  concentra- 
tions of  the  solutes  were  not  generally  known  precisely, 
their  relative  concentrations  could  be  determined  directly 
from  their  relative  integral  areas.  Calculations  of  equi- 
librium constants  require  only  that  the  relative  concentra- 
tions of  the  solutes  in  the  equilibrium  expression  are 
known . 

For  each  equilibrium  system,  it  was  necessary  to  ap- 
portion the  total  aliphatic  area  into  components  represent- 
ing one  or  more  of  the  solutes  by  extrapolation  of  partially 
resolved  peaks  into  regions  of  overlapping  resonances.  In 
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so  doing,  it  was  necessary  to  construct  several  such  appor- 
tionments for  each  sample  in  order  to  establish  error  limits 
for  the  integrated  areas  and  ultimately  for  the  equilibrium 
concentrations.  An  example  of  this  treatment  is  presented 
in  more  detail  in  the  appendix  for  the  4-chloropyridine- 
borane  system. 

In  addition  to  the  methyl  resonances  of  the  trimethyl- 

amine  and  methylpyridine  moieties,  the  area  of  interest  in 

the  aliphatic  region  of  each  nmr  spectrum  also  contained  a 

broad  signal  centered  near  150  Hz  attributable  to  a boron- 

bonded  hydrogen.  This  resonance  represents  one  portion  of 

1 1 

a 1: 1:1:1  quartet  due  to  the  hydrogens  bonded  to  the  B 

isotope  in  trimethylamine-borane . The  isotopic  abundance  of 

the  isotope  is  81.1%  so  that  the  methyl  component  of  a 

trimethylamine-borane  signal  containing  one  portion  of  the 
11 

B-H  quartet  is  given  by: 


Thus,  it  was  necessary  to  multiply  trimethylamine-borane 
integrals  by  0.937  before  calculating  the  relative  concen- 
trations of  trimethylamine-borane  and  trimethylamine-iodo- 
borane.  There  is  a minimal  degree  of  uncertainty  in  this 
treatment  due  to  the  broadness  of  the  boron-hydrogen  reso- 
nance. A small  portion  of  this  peak  could  overlap  with  the 


total  (CH3)3NBH3  area 

9 . 00 


X 9.00  + (3.00)  (0.250)  ( .811) 


0.937  total  (CH3)3N3H3  area 


(12) 


trimethylamine-iodoborane  signal . 
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The  relative  concentrations  of  the  pyridine-boranes  and 
the  pyr idine-iodoboranes  could  not  generally  be  obtained 
directly  by  integration  of  the  nmr  resonances  due  to  the  poor 
resolution  of  their  signals.  However,  the  relative  concen- 
trations of  these  materials  could  be  determined  indirectly 
from  the  concentrations  of  trimethylamine-borane  and  tri- 
methylamine— iodoborane  at  equilibrium,  the  initial  concen- 
trations of  the  starting  materials,  and  the  stoichiometry  in 
equation  37,  taking  into  consideration  the  effects  of  side 
reactions.  xn  the  absence  of  any  side  reactions  the  equi— 
librium  concentrations  of  the  pyridine— iodoborane  and  the 
pyridine-borane  would  be  given  by 

[R-pyBH2I]e  = [ (CH3)3NBH3]e  (13) 

and 

[R-pyBH3Je  = [R-pyBH3]Q  - [ (CH3 ) 3*IBH3  ] & (14) 

where  subscripts  o and  e denote  initial  and  equilibrium  con- 
centrations, respectively.  However,  in  the  presence  of  any 
side  reactions  equations  13  and  14  are  not  valid  and  must  be 
adjusted  according  to  the  stoichiometry  and  extent  of  the 
side  reaction.  In  nearly  all  systems  studied  a side  reaction 
between  the  pyridine— borane  and  the  pyridine— iodoborane 
occurred  to  produce  diborane  and  dihydrobis (pyridine) boro— 
nium  iodide,  {R-py)3BH3+I  , according  to  equation  43.  Then 
equations  13  and  14  must  be  replaced  by 

[R-pyBH2I]e  = [(CH3)3NBH3]e  - [ (R-py ) 2BH2+] & (15) 


and 


20 


[R-pyBH3]e  = [R-pyBH3]o  - [ (CH3 ) 3NBH3] q - 

[ (R-py)2BH2+]e  (16) 

For  each  system  examined,  a sufficiently  accurate  estimate 
of  the  extent  of  reaction  43  could  be  made  by  nmr  integra- 
tion as  described  in  a later  section.  Consequently  the  con- 
centration of  the  bis (pyridine) boronium  iodide,  and  finally 
the  concentrations  of  the  pyridine-borane  and  pyridine-iodo- 
borane,  could  be  determined  by  equations  15  and  16  in  the 
absence  of  any  other  side  reactions.  For  some  derivatives 
another  side  reaction  was  observed,  so  that  refinements  of 
equations  15  and  16  were  necessary.  For  the  4-methyl, 
4-chloro,  and  unsubstituted  pyridine  derivatives,  another 
minor  side  reaction  occurred  to  produce  a product  absorbing 
at  164  Hz  in  the  nmr  spectrum.  It  was  not  known  whether  this 
peak  resulted  from  a side  reaction  of  trimethylamine-borane 
or  trimethylamine-iodoborane  so  it  was  necessary  to  consider 
both  possibilities  when  determining  the  error  limits  for  the 
pyridine-borane  and  the  pyridine-haloborane  concentrations. 
In  so  doing,  it  was  necessary  to  modify  equations  15  and  16 
to  include  the  effects  of  this  side  reaction 

[R-pyBH2X]e  = [ (CH3)3NBH3le  - [ (R-py ) 2BH2+] g + 

[164] e (17) 

and 

[R-pyBH3le  = [R-pyBH3JQ  - [ (CH-j) -jNBH-j]  g- 


[(R-py)2BH2+]e  + [164] e 


(18) 
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where  [164]  represents  the  equilibrium  concentrations  of 
trimethyl amine  groups  in  the  unassigned  product  at  164  Hz. 

By  means  of  equations  13  through  18  the  equilibrium 
concentrations  of  the  pyridine-boranes  and  the  pyridine- 
iodoboranes  were  determined  and  recorded  in  Table  1.  Finally 
the  equilibrium  constants  in  Table  1 were  calculated  accord- 
ing to  equation  46  from  the  equilibrium  concentrations  of 
the  amine-boranes  and  amine-iodoboranes . The  error  limits 
assigned  to  the  equilibrium  constants  are  based  on  maximum 
additive  effects  of  the  uncertainties  in  the  equilibrium  con- 
centrations of  the  solutes.  The  errors  in  the  equilibrium 
concentrations  of  the  solutes  reflect  all  sources  of  uncer- 
tainty mentioned  previously;  i.e.: 

(a)  Uncertainty  in  the  resolution  of  the  total  aliphatic 
spectrum  into  its  components. 

(b)  Uncertainty  of  the  origin  of  the  unassigned  peak  at 
164  Hz. 

(c)  Uncertainty  in  the  equilibrium  concentrations  of 
the  pyridine-borane  and  the  pyr idine-haloborane  due 
to  the  error  in  the  determination  of  the  extent  of 
side  reaction  43 . 

(d)  Uncertainty  in  the  relative  sizes  of  the  trimethyl- 
amine-borane  and  trimethylamine-haloborane  integral 
areas  due  to  the  resonance  of  boron-hydrogens . 

These  effects  are  listed  in  decreasing  order  of  their  sig- 
nificance, with  the  influence  of  the  first  factor  generally 
the  dominant  source  of  error.  More  detail  of  the  error 


Table  1 


Equilibrium  Data 

for 

the  Hydrogen-Ha 

logen  Exchange 

Reac cions 

X 

of  Pyridine- 

Boranes  and  Trimethy 

lamine-Ealobor 

anes 

R in  R-py 

Temp 

O r\ 

Uch3)3nbh3]J 

[ (ch3)  3nbh2x] 

e [R-pyBH2x: 

I 

H 

35 

.576+.005 

. 413+ . 005 

.460+. 023 

I 

4-Cl 

35 

.526+. 005 

.473+. 005 

.377+. 010 

I 

4-CH^ 

35 

.636+. 006 

.348+. 006 

.539+. 019 

Id 

4-ch3 

35 

.640+. 006 

. 344+ . 006 

.543+. 019 

I 

4-CH3  . 

0 

.681+. 006 

.319+. 006 

.651+. 012 

o 

I” 

4-CH-. 

j 

0 

.689+. 006 

.311+. 006 

.689+. 012 

If 

4-CH3 

35 

. 64  0+ . 006 

.342+. 006 

. 539+ . 020 

I 

2-CH3 

35 

.563+. 006 

.437+. 006 

.453+. 021 

I 

2,6-  (CH3 ) ^ 

3 5 

.640+, 013 

.354+. 013 

.606+. 022 

I 

2-iCK  ) C 

35 

.497+. 007 

.503+. 007 

.417+. 015 

Brg 

4-CH3 

24 

.515+. 022 

.485+. 022 

.445+. 095 

Brg 

4-CH3 

24 

.514+. 019 

.486+. 019 

.404+.  056 

Clh 

4-CH, 

24 

cih 

4-CH-, 

C) 

24 

a Concentrations 

were 

normalized  to 

a total  concentration  of 

triiuethyl amine  groups  of  1.000  M. 

13  [164]  ^ denotes  the  concentration  of  trimethylamine  groups  in 
a side  product  of  unknown  origin, 
c 

None  detected. 

£ 

Equilibrium  was  attained  by  the  reaction  of  the  pyridine- 
haloborane  and  trimethylamine-borane . 

0 

Tne  nmr  tube  also  contained  a pressure  of  aiborane . 

The  boron  hydrogens  v/ere  substituted  with  deuterium. 

g Equilibrium  had  not  been  attained,  but  was  approached  from 
both  sides  to  establish  a range  for  K^.  The  values  reported 
above  for  Kec  are  Q values  where  Q = I^-pyBE^X] [ (CK , ) ] / 
[R-pyBHg]  [ (CE3) 3NBH-X] . The  concentrations  were  de refrained  at 
a point  near  equilibrium. 

d An  attempt  was  made  to  approach  equilibrium  from,  either 
but  no  exchange  was  detected  after  20  days  at  20+2°C. 


side 


Table  1 


Extended 


[R-py3h3]^ 

[ (R-pv) 0Efltx~] 

[164]a,b 

e 

K 

eq 

. z96+. 023 

.122+. 012 

.011 

2.18+.20 

.324+. 010 

.149+. 004 

.001 

1.29+.07 

.251+. 019 

, 105+ . 005 

. 016 

3.96+. 47 

.247+. 019 

,100+. 005 

. 016 

4 . 12+ . 45 

.305+. 012 

.022+. 005 

c 

4.57+. 39 

.311+. 012 

c 

c 

4.93+. 41 

.241+. 020 

. 110+ . 005 

. 018 

4 . 23+. 54 

.337+. 021 

.100+. 015 

c 

1.78+.11 

.315+. 022 

.039+. 009 

c 

3 .56+, 48 

. 220+ . 015 

. 080+ . 003 

c 

1. 89+.18 

.318+. 016 

. 071+ . 005 

c 

1. 58+. 50 

.419+. 020 

.079+. 005 

c 

1.00+.31 
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analysis  including  a sample  calculation  can  be  found  in  the 
appendix . 

In  summary,  the  equilibrium  constants  for  reaction  37 
for  each  derivative  were  determined  by  the  following  sequence 
of  steps: 

[1]  After  4-6  hr  at  35°C  the  nmr  spectrum  of  each  sam- 
ple was  repeatedly  taken  at  35 °C  until  no  further 
change  was  observed  over  a 1/2  hr  period  in  the 
135  to  135  Hz  region  operating  at  a 50  Hz  sweep 
width. 

[2]  The  final  spectrum  was  apportioned  several  times 
into  its  component  areas  by  extrapolation  of  par- 
tially resolved  peaks  into  regions  of  overlap. 

(See  Figure  63  and  the  related  discussion  in  the 
appendix) . 

[3]  Each  apportionment  of  the  spectrum  was  integrated 
with  a planimeter  to  determine  the  relative  areas 
of  the  resonances  of  trimethylamine-borane , tri- 
methylamine-iodoborane , and  the  unassigned  peak  at 
164  Hz. 

[4]  The  trimethylamine-borane  area  was  compensated  for 
boron-hydrogen  resonance,  according  to  equation  12. 

[5]  Concentration  ranges  for  trimethylamine-borane  and 
trimethylamine-iodoborane  at  equilibrium  were  cal- 
culated considering  the  influences  of  the  errors  in 
steps  2 and  4 . 

[6]  The  concentration  of  (R-py) 2BH2+X 


was  determined 
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by  nmr  integration, 

[7]  Concentration  ranges  for  the  pyridine-borane  and 
the  pyridine-rodoborane  were  determined  using 
equations  13  through  18. 

[8]  A range  for  the  equilibrium  constant  was  calculated 
from  equation  46.  The  error  limits  given  in  Table 

1 for  K are  based  on  maximum  additive  effects  of 
the  concentration  errors. 

[9]  Steps  1 and  6 were  repeated  for  a duplicate  sample. 
For  each  derivative,  duplicate  samples  exhibited 
essentially  identical  nmr  spectra. 

In  a similar  manner,  the  equilibrium  constant  for  the 
4-methylpyridine-borane  derivative  was  determined  approach- 
ing equilibrium  from  the  right  side  of  equation  37  as  written. 
The  procedure  was  the  same  as  described  above  except  that 
equations  17  and  18  had  to  be  somewhat  modified  before  cal- 
culating the  equilibrium  concentrations  of  4— methylpyridine— 
borane  and  4-methylpyr idine-iodoborane . 

Likewise,  the  equilibrium  constant  for  deuterium-iodine 
exchange  between  4-methylpyridine-borane-d3  and  trimethyl- 
amine-iodoborane-d2  was  determined  in  methylene  chloride  at 
35°C . 

4-CH3pyBD3  + (CH^NBD^  ^ 4-CH3pyBD2I  + 

(CH3)3NBD3  (19) 

The  procedure  was  the  same  as  that  outlined  for  hydrogen- 
iodine  exchange,  except  that  step  4 in  the  method  could  be 
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omitted  since  there  were  no  boron-hydrogen  resonances. 

The  equilibrium  constant  for  4-methylpyridine-borane 
was  also  determined  at  0°C  by  a slightly  modified  procedure. 
The  reaction  mixture  containing  4-methylpyridine-borane  and 
trimethylamine-iodoborane  in  methylene  chloride  was  kept  at 
0°C  for  70  hr.  After  this  time  had  elapsed,  equilibrium  had 
been  attained,  and  the  nmr  spectrum  was  taken  at  0°C.  At 
this  temperature,  the  downfield  aromatic  resonances  of  4- 
methylpyridine-borane  and  4-methylpyridine-iodoborane  were 
sufficiently  resolved  to  allow  the  determination  of  the 
relative  concentrations  of  these  solutes  by  direct  integra- 
tion rather  than  by  use  of  equations  17  and  18.  Likewise, 
the  equilibrium  constant  for  the  exchange  reaction  between 
4-methylpyridine-borane  and  trimethylamine-iodoborane  under 
a pressure  of  approximately  1 atm  of  diborane  (cf  page  66) 
was  determined  at  0°C. 

The  exchange  reaction  was  also  investigated  for  other 
halogens  in  addition  to  iodine.  The  exchange  of  hydrogen 
for  bromine  between  tr imethylamine-boryl  and  4-methylpyri- 
dine-boryl  moieties  in  methylene  chloride  was  examined  from 
both  sides  of  the  equilibrium. 

4-CH3pyBH3  + (CH^NBI^Br  4-CH3pyBH2Br  + 

(CH3)3NBH3  (20) 

A solution  containing  4-methvlpyridine-borane  (1.0  M)  and 
trimethylamine-bromoborane  (1.0  M)  was  allowed  to  stand  at 
room  temperature  (24  + 2°C)  for  several  weeks  in  a capped 
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nmr  tube.  Likewise,  a solution  containing  4-methylpyridine- 
bromoborane  (1.0  M)  and  trimethylamine-borane  (1.0  M)  was 
allowed  to  stand  under  the  same  conditions.  nmr  spectra 

of  each  solution  were  taken  periodically,  and  after  approx- 
imately 40  days  neither  system  had  come  to  equilibrium  with 
respect  to  reaction  20.  However,  a range  for  the  equilibrium 
constant  could  be  determined  by  the  calculation  of  0 values 
for  the  approach  to  equilibrium  from  each  side  where 

[4-CH3pyBH2Br]  [ (CH-j)  3NBH3  ] 

q (21) 

[4-CH3pyBH3] [ (CH3 ) 3NBH2Br ] 

Q values  for  the  two  amine-borane/amine-bromoborane  systems 
at  various  times  after  mixing  are  recorded  in  Table  2. 
Adequate  resolution  of  the  upfield  aromatic  resonances  in 
the  nmr  spectra  allowed  integration  of  the  4«-methylpyridine- 
borane  and  4-methylpyridine-bromoborane  signals,  so  that 
their  relative  concentrations  could  be  determined  directly 
rather  than  by  use  of  equations  analogous  to  17  and  18.  The 
relative  concentrations  of  trimethylamine-borane  and  tri- 
methylamine-bromoborane  were  determined  by  integration  of 
the  aliphatic  region  of  the  nmr  spectrum  as  described  pre- 
viously for  hydrogen-iodine  exchange  reactions.  A side 
reaction  analogous  to  equation  43  occurred  producing  bis- 
(4-methylpyridine) boronium  bromide.  In  addition,  another 
side  reaction,  which  appeared  to  be  solvolysrs,  was  detect- 
able in  the  nmr  spectrum.  On  long  standing  (15-20  days)  a 
small  very  sharp  singlet  appeared  7 Hz  upfield  from  the 


28 


Table  2 

Q Vaxuea  for  Hydrogen-Bromine  Ex c hange 


Reagents 


a,b 


Time 


4-CH3pyBH3  + (CH3)3N3H  Sr  0 

10  days 
20  days 
43  days 

4-ChT3pyBH2Br  + (CH-^NBH,,  0 

5 days 
15  days 
38  days 


The  initial  concentration  of  each  reagent  was 
mately  1.0  M 

In  methylene  chloride  at  24+2°C 


Q 

0 

0.095 

0.352 

1.00 


19.3 

5.16 

1.58 

approxi- 
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solvent  peak.  The  shape  and  position  of  this  peak  suggested 
tnat  it  was  a resonance  of  bromochloromethane . J"  Since  no 
trimethylamine-cnloroborane  could  be  detected,  it  is  ex- 
pected that  the  bromochloromethane  was  a product  of  a reac- 
tion of  the  solvent  either  with  4-methylpyridine-bromoborane 
(reaction  22) , or  with  the  bromide  counter  ion  of  the  bis- 
(4-methylpyridine) boronium  cation,  (4-CH3py) 2BH2+) , (reac- 
tion 23)  . 

4-CH3pyBH2Br  + CH2C12  * 4-CH3pyBH2Cl  + Cf^BrCl  (22) 

Br“  + CH2C12  -*  Cl"  + CH2BrCl  (23) 

Based  on  the  1H  nmr  spectrum  of  the  reaction  mixture,  it  was 
not  possible  to  deduce  which  of  these  two  reactions  had 
occurred,  but  the  observed  rate  of  bromochloromethane  pro- 
duction was  similar  to  the  reported  rate  of  reaction  23. 13 
The  ranges  given  in  Table  1 for  the  solute  concentrations 
and  Q reflect  the  uncertainty  introduced  by  the  solvolysis 
reaction  as  well  as  some  of  the  other  sources  of  error  dis- 
cussed previously  for  the  hydrogen-iodine  exchange  reactions. 

Attempts  to  determine  an  equilibrium  constant  for  hy- 
drogen-chlorine exchange  between  trimethylaiaine-boryl  and 
4 -methylpyr idine-boryl  moieties  were  unsuccessful. 

4-CH3pyBH,  + (CH^NBI^Cl  4-CH3pyBH:,Cl  + 

(CH3)3NBH3  (24) 

Approach  to  equilibrium  was  attempted  from  each  side,  but 
even  concentrated  solutions  (0. 5-1.0  M)  failed  to  produce 
any  detectable  exchanges  on  standing  for  20  days  at  room 
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temperature  (24+2 °C)  in  methylene  chloride.  It  was  esti- 
mates. that  the  nrar  spectra  would  have  been  sensitive  to  ap- 
proximately 1%  net  reaction  in  either  direction,  but  none 
was  detected. 

Kinetics  of  the  Hydrogen-Halogen  Exchange  Reaction  of  P y r i - 
dine-Boranes  with  Trimethylamine-Haloboranes 

Hydrogen-iodine  exchange 

The  initial  rates  of  hydrogen-iodine  exchange  reaction 
52  were  measured  at  35°C  in  methylene  chloride  for  R equal 
to  H,  4-C1 , 4-CH3,  2-CH3,  2,6-(CH3)2,  and  2-C(CH3)3.  The 
progress  of  the  reaction  was  monitored  by  integration  of  the 
140  Hz  to  180  Hz  region  in  the  nmr  spectrum  as  a function  of 
time.  The  integral  area  attributed  to  trimethylamine-borane 
(5  = 156  Hz)  was  adjusted  according  to  equation  12  to  elim- 
inate the  contributions  due  to  the  resonance  of  boron-hydro- 
gens. The  adjusted  integral  area  of  the  trimethylamine- 
borane  peak  vs.  the  total  tr imethylamine  area  provided  a 
determination  of  the  concentration  of  trimethylamine-borane 
at  each  time  (t)  according  to 

0.937  + A 

[ (CH  ) NBH  ] = x [ (CH  ) NBH, I]  (25) 

0 . 937  A + B J J 20 

where  A is  the  total  integrated  trimethylamine-borane  area, 
and  B is  the  integrated  trimethylamine-iodoborane  area. 

For  the  unsubstituted  pyridine  derivative  several  tri- 
methylamine-borane concentrations  vs.  time  plots  were  con- 
structed for  various  initial  concentrations  of  the  reagents, 
and  the  slopes  (V)  of  tangents  at  [CH^NBH.]  = 


0.050  were 
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measured  (Figures  1-7).  Table  3 summarizes  the  concentra- 
fdon  and  slope  daca  for  these  runs.  Log— log  plots  of  the 
slopes  of  these  tangents  vs.  concentration  allowed  the  deter- 
minuuion  o^  the  order  of  reaction  52  with  respect  to  each 
reagent  (Figures  8 and  9).  The  least  squares  slopes  of 
Figures  8 and  9 demonstrated  that  reaction  52  was  first 
order  in  each  reagent.  Plots  of  the  appropriate  integrated 
second  order  rate  expression  vs.  time  allowed  the  determin- 
ation of  a value  for  the  second  order  rate  constant  (k2)  for 
each  run  (Figures  10  - 16).  In  these  and  subsequent  plots, 
x is  the  molar  concentration  of  trimethylamine-borane  at 
time  t,  a^  is  the  initial  molar  concentration  of  the  pyri- 
dine-borane,  and  b^  is  the  initial  molar  concentration  of 
tr ime thylamine— iodoborane . For  each  run,  the  value  deter- 
mined for  the  second  order  rate  constant  was  the  slope  of 
the  least  squares  fit  of  the  linear  plot.  Likewise,  least 
squares  plots  and  second  order  rate  constants  were  determined 
for  several  runs  with  various  concentrations  of  tetra-n- 
butylammonium  iodide,  (n-C^ ) 4N+I~  (Figures  17  - 19).  The 
results  for  all  runs  for  pyridine-borane  are  summarized  in 
Table  4.  Plots  of  the  appropriate  integrated  second  order 
rate  law  vs,  time  were  also  constructed  for  the  other  pyri- 
dine— boranes , and  the  least  squares  slopes  determined  (Fig- 
ures ^0  - 29) . The  results  for  the  substituted  pyridine  de- 
rivatives are  summarized  in  Table  3.  Table  6 lists  the 

of  k,  at  35  °C  for  the  seven  runs  for  pyridine— borane , 
and  for  each  set  of  duplicate  runs  for  the  substituted  pyri- 

WJ1  ^ fch 


HSN1"  (CHD)  ] 
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Figure  1.  Tr imethylamine-borane  concentration  vs_.  time 
plot  (~)  for  [pyBH^ ] Q = 0.500  and  [ (CH3 ) 3NBH2I ] ~=  0.500. 
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Figure  2.  Trimethylamine-borane  concentration  vs.  time 
plot  (-)  for  [pyBH3 ] = 0.400  and  [ (CH3) 3NBH2I]  = 0.500. 
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Figure  3.  Trimethylamine-borane  concentration  vs.  time 
plot  (-)  for  [pyBH  ] = 0.220  and  [ (CH-. ) _NBH0I]  = 0.500. 
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Figure  5.  Trimethylamine-borane  concentration  vs.  time 
plot  (-)  for  [pyBH-J  = 0.500  and  [ (CH, ) -,NBH0I  ] = 0.370. 
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Figure  6.  Trimethylamine-borane  concentration  vs.  time 
plot  (-)  for  [pyBH-J  = 0.5G0  and  [ (CH-, ) _,NBH0I ] = 0.250. 
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Figure  8.  Plot  to  determine  the  order  (m)  of  the  hydrogen- 
iodine  exchange  reaction  with  respect  to  pyridine-borane . 
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Figure  9.  Plot  to  determine  the  order  (n)  of  the  hydrogen- 
iodine  exchange  reaction  with  respect  to  trimethylamine- 
iodoborane . 
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Figure  10.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  pyridine-borane  with  trimethylamine-io- 
doborane;  [pyBH^]Q  = [ (CH^)  = 0.500. 
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k.2  = least  squares  slope  = 
7.36+0.20  x 10-4  M-1  sec"1 
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Figure  11.  Second 
change  reaction  of 
doborane;  [pyBH^^ 


order  plot  for  the  hydrogen-iodine  ex- 

pyridine-borane  with  trimethylamine-io- 

= 0.400,  and  [ (CH.J -,NBH~I]  = 0.500. 
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Figure  12.  Second  order  plot  for  the  hydrogen-iodine  ex- 
caange  reaction  of  pyridine-borane  with  trimethylamine-io- 
doborane ; [pyBH^  = 0.220,  and  [ (CH3)  3BH2I]  = 0.500. 
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Figure  14.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  pyr idine-borane  with  trimethy lamine-io- 
aoborane ; [pyBH^]Q  = 0.500,  and  [ (CH^)  Q = 0.370. 


47 


0 


0.4 


Time  x 10 


0.8 

sec 


+~ 

.2 


Figure  15.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  pyridine-borane  with  trimethylamine-io- 

doborane;  [pyEH  ] = 0.500,  and  [ (CH0 ) _,NBH0I ] = 0.250. 
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Figure  17.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  pyridine— borane  with  trimethylainine  — io— 
doborane;  [pyBH  ] = 0.500,  [ (CH,) -NBH-I]  = 0.250,  and 

£(B-C4V4N*I~]  ~ 0-250.  3 3 2 0 
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Figure  13.  Second  order  plot  for  the  hydrogen-iodine  ex- 
cnange  reaction  of  pyridine-borane  with  trimethylamine-io- 
doborane;  [pyBH  ] = 0.500,  [ (CH  ) NBH-I]  = 0.250,  and 

[ (n-C4H9)4N+I-J J=°0.130.  3 j 2 o 
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Figure  19.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  pyridine-borane  with  trimethylamine-io- 
doborane;  [pyBH-1  = 0.500,  [ (CH_ ) _NBH,I ] = 0.250,  and 

[ (n-C4H9)4N^I"] =°0.050.  3 3 2 ° 
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Figure  20.  Second  order  plot  for  the  hydrogen-iodine  ex- 
cnange  reaction  of  4-methylpyridine-borane  with  trimethyl- 

amxne-iodoborane;  [4-CH-.pyBH.J  = [ (CK-, ) _KBH„I]  = 0.500. 
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Figure  21.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  4-methylpyridine-borane  with  trimethvl- 
amine-iodoborane ; [4-CH  pyBH.l  = [ (CH.)  NBH„  I ] = 0.500. 
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i igure  22.  Second  order  plot  for  the  hydrogen-iodine  ex— 
cnange  reaction  of  4-chloropyr idine-borane  with  trimethyi- 

amine-iodoborane;  [4-ClpyBH  ] = [ (CH, ) .NBH_I ] = 0.500. 
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Figure  23.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  4-chloropyridine-borane  with  triraethyl- 

amine-iodoborane;  [4-ClpyBH-]  = [ (CH_ ) J — 0.500. 
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Figure  24.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  2-methylpyridine~borane  with  trimethyl- 
amine-iodoborane;  [ 2-CH3pyBH2 ] Q = t (CK^)  gNBH^I]  Q - 0.500. 
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Figure  25.  Second  order  plot  for  the  hydrogen- iodine  ex- 
change reaction  of  2-methylpyridine-borane  with  trimethyl- 
amine-iodoborane ; ^-CH^pyBH^]  = [ (CH^ ) } = 0.500. 
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Figure  26.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  2 , 6-dimethylpyridine-borane  with  tri- 
methylamine-iodoborane;  [2,6-  (CH0 ) „pyBH_.  ] = [ (CK_ ) 0NBH0I]  = 
0.500.  32  3o  33  20 
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Figure  27.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  2 , 6-methylpyridine-borane  with  trimethvl- 
amine-iodoborane;  [ 2 , 6- (CH^ ) _pyBH_ ] = [ (CH,) -NBH.,1]  = 

0.500.  32  30  33  20 
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Figure  29.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  2-t-butylpyridine-borane  with  trimethyl- 
amine-  iodoborane  ; [2-C(CH  ) pyBK,]  = 0.376  and 

[(CH,)  NBH.I]  = 0.500.  “ J i ° 

-5  J 2 o 


Table  5 

Second  Order  Rate  Data  for  the  Hydrogen-Iodine  Exchange  Reactions 
of  Stubtituted  Pyridine-Boranes  with  Trimethylamine-Iodoborane 
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Table  6 

Average  Second  Order  Rate  Constants  for  the  Hydrogen-Iod i ne 
Exchange  Reactions  of  Tr iinethy lamine-Iodoborane 
with  Pyridine-Boranes  at  35°C 
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dine  derivatives. 

The  reaction  mixtures  were  prepared  by  syringing  mea- 
sured quantities  of  stock  solutions  of  the  pyr idine-borane 
(1.000  M)  and  tr imethylamine-iodoborane  (1.000  M)  into  nmr 
tubes.  In  these  runs  containing  tetra-n-butylammonium 
iodide,  appropriate  volumes  of  a 1.000  M stock  solution  of 
the  salt  were  syringed  into  the  nmr  tube  before  the  addition 
of  the  other  reagents.  When  additional  dilution  was  re- 
quired, the  appropriate  volume  of  methylene  chloride  was 
also  syringed  into  the  nmr  tube  before  adding  the  last  re- 
agent.  The  stock  solutions  were  prewarmed  to  the  reaction 
temperature  (35°C)  before  withdrawal  of  the  aliquots.  The 
contents  of  the  nmr  tubes  were  held  at  35 °C  before  the  ad- 
dition of  the  last  reagent.  Since  the  densities  of  the 
stock  solutions  were  observed  to  be  significantly  sensitive 
to  temperature,  they  were  brought  to  volume  at  the  reaction 
temperature  of  35°C.  The  nmr  tubes  were  shaken  immediately 
after  the  addition  of  the  final  reagent  with  the  initial 
time  marked  at  this  moment.  The  nmr  tubes  were  promptly 
placed  into  the  thermostatted  sample  probe  of  the  instru- 
ment (35°C) , and  the  first  spectra  were  taken  as  soon  as 
possible . 

The  procedure  was  slightly  different  for  2-t-butylpyr- 
idine— borane , in  which  case  a known  volume  of  stock  trimethyl 
amine— iodoborane  solution  was  added  to  a weighed  sample  of 
the  amine-borane  in  a volumetric  flask  and  the  solution 
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brought  to  volume  at  35°C  before  transferal  to  an  nmr  tube. 
The  initial  concentration  of  2-t-butylpyridine-borane  was 
determined  by  integration  of  the  2-t-butyl  region  of  the 
nmr  spectrum  (85  Hz  to  110  Hz)  vs.  the  trimethylamine  area 
(140  Hz  to  180  Hz) . 

Similarly,  the  initial  rate  of  deuterium-iodine  exchange 
for  the  reaction  of  4-methylpyridine-borane-d^  with  trimethyl 
amine-iodoborane-d,,  was  determined  at  35°C  in  methylene 
chloride.  For  this  system,  it  was  unnecessary  to  correct  the 
trimethylamine-borane  integral  area  for  boron-hydrogen  con- 
tent. The  least  squares  plot  of  the  integrated  second  order 

rate  expression  vs.  time  for  this  reaction  is  given  in  Figure 
30. 

In  addition,  the  initial  rate  of  hydrogen-iodine  ex- 
change between  4-methylpyridine-borane  and  trimethylamine- 
iodoborane  in  methylene  chloride  was  determined  at  0°C. 

Stock  solutions  (1.000  M)  of  each  solute  were  cooled  to  -10°C 
with  a Mini-Freezer  in  the  Dri-Lab  before  withdrawal  of  the 
aliquots  which  were  mixed  in  an  nmr  tube.  The  sample  was 
immediately  removed  from  the  Dri-Lab  and  cooled  to  -196°C. 

Then  the  sample  was  warmed  to  0°C  in  an  ice  bath  before  in- 
troduction into  the  precooled  nmr  probe  (0°C)  at  the  start 
of  the  kinetic  run. 

In  a similar  manner , the  initial  rate  of  exchange  for 
a sample  of  4-methylpyridine-borane  and  trimethylamine-iodo- 
borane  under  a pressure  of  diborane  was  determined  at  0°C. 

An  nmr  tube  fitted  with  a ground  glass  joint  was  loaded  with 
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Figure  30.  Second  order  plot  for  the  deuterium-iodine  ex- 
change reaction  of  4-methylpyridine-borane-d-,  with  trimethyl- 
amine-iodoborane-d2 ; [4-CH  pyBD'l  = [ (CH-. ) _NED~I]  = 0.500. 
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0,40  ml  each  of  precooled  (-10*0  1,000  M 4-methylpyridine- 
borane  and  1.000  M trimethy lamine-iodoborane . The  sample 
was  immediately  removed  from  the  Dri-Lab,  cooled  to  -196°C, 
and  evacuated  on  the  vacuum  line.  Then  freshly  purified 
diborane  (5.0  x 10  moles)  was  condensed  onto  the  sample, 
and  the  tube  was  sealed.  From  an  estimate  of  the  volume  of 
the  sealed  tube,  the  pressure  of  diborane  in  it  was  approx- 
imated to  be  0.95  atm  if  none  of  the  gas  dissolved.  The 
quantity  of  diborane  added  corresponded  to  50%  of  the  amount 
that  could  be  formed  by  complete  reaction  of  the  equilibrium 
concentrations  of  4-methylpyridine-borane  and  4-methylpyri- 
dme-iodoborane  according  to  equation  43.  The  sample  was 
warmed  to  0°C  in  an  ice  bath  before  insertion  into  the  nmr 
probe  (0°C)  at  the  start  of  the  kinetic  run.  The  results  of 
the  0°C  runs  are  given  in  Figures  31  and  32  and  in  Table  5. 
Hydrogen-bromine  and  hydrogen-chlorine  exchange 

The  approximate  initial  rate  of  hydrogen-bromine  ex- 
change between  4-methylpyridine-borane  and  trimethylamine- 
bromoborane  was  similarly  determined  in  methylene  chloride 
at  room  temperature  (24+2°C) . 

4-CH3pyBH3  + (CH^NBH^r  + 4-CH3pyBH2Br  + 

(CH3)3NBH3  (26) 

The  reaction  was  monitored  in  the  nmr  spectrum  by  integra- 
tion of  the  resonances  in  the  430  to  470  Hz  region  corres- 
ponding to  the  3,5-aromatic  protons  of  4-methylpyridine- 
borane  and  4-methylpyridine-bromoborane. 


Likewise,  an  esti- 
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Figure  31.  Second  order  plot  for  the  hydrogen  iodine  ex- 
change reaction  of  4-methylpyridine-borane  with  trimethyl- 
amine-iodoborane  at  0°C;  [ 4-CH-,pyBH-,  ] ' [ (CH,)  _,BH„l]  = 

0.500.  3 30  3 o 2 o 
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Figure  32.  Second  order  plot  for  the  hydrogen-iodine  ex- 
change reaction  of  4-methylpyridine-borane  with  trimethvl- 
amine-iodoborane  under  a pressure  of  diborane  at  0°C- 
[4-CH3pyBH  ] = [ (CH  ) NBH  I]  = 0.500. 


71 


mate  of  the  initial  rate  of  the.  reverse  reaction  (equation 
27)  was  made  by  integration  of  the  aliphatic  region  of  the 
nmr  spectrum  The  reaction  was  run  in  methylene  chloride 
solution  at  room  temperature  (24+2°C)  . 

4 - CH 3 py B H 2 B r + (CH^NBH-j  -*■  4-CH3pyBH3  + 

(CH3)3NBH^Br  (27) 

The  trimethylamine-bromoborane  area  was  estimated  by  direct 
integration  of  its  signal,  whereas  the  trimethylamine-borane 
area  was  estimated  by  subtraction  of  the  4-methylpyr idine 
contribution  from  the  aliphatic  integral  area.  The  effect 
on  k2  of  the  substitution  of  bromine  for  iodine  on  boron  can 
be  seen  in  Table  7.  The  rate  constants  and  error  limits  in 
Table  7 for  hydrogen-bromine  exchange  include  allowances  for 
a side  reaction  analogous  to  equation  43. 

A solution  containing  4-methylpyr id ine-borane  (1.0  M) 
and  trimethylamine-chloroborane  (1.0  M)  failed  to  produce 
any  detectable  hydrogen-chlorine  exchange  after  20  days  at 
room  temperature  (24+2°C) . 

no 

4-CfI-pyBH."  + (CH- ) -NBH-Cl » 4-CH^pyBH  I + 

3 3 3 3 ^ reaction 

(CH3>_3NBH3  (28) 


Likewise,  a solution  of  1.0  M 4-methylpyr idine-chloroborane 
and  1.0  M trimethylamine-borane  failed  to  undergo  any  detect- 
able exchange  after  20  days  at  room  temperature. 


4-CH-pyBH-Cl  + (CK-KN3EU 
3 l 3 o .j 


no 


reac 


.on 


4-CH^pyBH-  + 
j 3 


(CH3)3NBH2C1  (29) 


Table  7 

Approximate  Second  Order  Rate  Constants  for  the 
Hydrogen-H alogen  Exchange  Reactions  of 
4 -Me thy lpyrTd ine- Borane  with  Trimethylamine-Haloboranes 

it  24  + 2 ° C 


X 

k2 ' 

-1  -1 

M sec 

Ia 

6.0 

+ 0.3  x 10~4 

Br 

9 

+ 3 x 10"7 

No  reaction  in  20  days 


a Estimated  from  an  Arrhenius  treatment  of  at  35°C  and 
0°C 

b Initial  concentrations  of  each  reagent  were  approximately 
1. 0 M 
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At  these  concentrations,  approximately  1%  reaction  according 
to  equations  28  or  29  would  be  detectable  in  the  430  to  460 
Hz  region  of  the  J'H  nmr  spectrum,  corresponding  to  the  3,5- 
ring  protons  of  the  expected  products. 

Kinetics  of  the  Reactions  of  Pyridine-Boranes  with  Pyridine- 
Iodoboranes  to  Produce  Diborane  and  Bis (pyridine) boronium 
Iodides 

Prep a ration  of  equimolar  mixtures  of  pyridine-boranes  and 
pyridine-iodoboranes 

Unless  otherwise  indicated,  equimolar  mixtures  of  a 

pyridine-borane  (R-pyBH^)  and  its  monoiodinated  derivative 

(R-pyBH2I)  were  prepared  by  the  following  methods.  Dry 

solvent  was  added  to  a weighed  quantity  of  the  pyridine- 

borane  in  a volumetric  flask  in  the  Dri-Lab,  and  solid  iodine 

was  added  a piece  at  a time  to  the  stirred  solution.  The 

quantity  of  iodine  used  was  the  amount  required  to  monoio- 

44  45 

dinate  half  of  the  substituted  pyridine-borane.  ' Other 
solutes  (if  any)  were  added,  and  the  solution  was  brought  to 
volume  with  solvent.  Freshly  prepared  solutions  were  used 
for  each  experiment. 

Rate  parameters  for  4-methylpvridine-borane 

Two  general  procedures  were  employed  to  follow  the  pro- 
gress of  reaction  43  for  the  4-methylpyridine  derivative  in 
order  to  determine  the  rate  parameters.  The  first  of  these 
(Method  A)  was  to  integrate  the  change  in  the  "'‘H  nmr  signal 
of  the  reaction  mixture.  The  combined  integral  area  of  the 
reactants  was  monitored  relative  to  the  area  of  the  bis (pyr- 
idine) boronium  iodide  produced,  or  relative  to  the  area  of 
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a quantitative  internal  standard.  The  second  procedure 
(Method  B)  used  to  follow  the  course  of  the  reaction,  was  to 
quantitatively  collect  the  insoluble  iodide  salt  of  the 
boron  cation. 

Overall  order  with  respect  to  the  starting  materials . 
Both  methods  were  employed  to  determine  the  overall  order  of 
the  reaction  with  respect  to  the  starting  materials.  Method 
A was  used  at  60.0°C  with  benzene  as  a solvent,  and  with 
1 , 3 , 5-trimethylbenzene  (mesitylene;  bp  160-163°C,  dried 
over  Ca^)  as  a quantitative  internal  standard  for  ~H  nrar 
integrations.  A 20.0  ml  portion  of  a solution  of  0.500  M 
4-methylpyridine-borane,  0.500  M 4-methylpyridine-iodoborane , 
and  0.0984  M mesitylene  was  placed  in  a 100  ml  3-neck  flask 
fitted  with  a reflux  condenser  and  a serum  cap  through  which 
liquid  samples  could  be  drawn  periodically  via  syringe  for 
^H  nmr  analysis.  The  aliphatic  region  of  the  nmr  spec- 
trum of  the  initial  reaction  mixture  before  any  heating  ex- 
hibited a sharp  singlet  at  130  Hz ' representing  the  mesity- 
lene methyl  groups,  and  a broad  singlet  at  105  Hz  attributed 
to  the  combined  methyl  signals  of  4-methylpyridine-borane 
and  4-methylpyridine-iodoborane.  In  addition,  another  sin- 
glet at  118  Hz  was  detected  with  an  integrated  area  of  6.9% 
of  the  total  4-methylpyr idine  aliphatic  resonances 

The  reaction  flask  was  placed  in  a 60.0°C  constant 
temperature  bath  at  time  zero,  and  liquid  samples  were  drawn 
periodically  over  a length  of  several  hours.  Each  sample 
was  syringed  into  a nmr  tube/  quenched  to  room  temperature. 
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and  the  1H  nmr  spectrum  was  taken  immediately.  The  concen- 
trations of  the  starting  materials  at  each  time  were  deter- 
mined by  integration  of  the  reactant  methyl  resonances  vs. 
the  mesitylene  aliphatic  signal.  Table  3 lists  the  calcu- 
lated first,  second,  and  third  order  rate  constants  for  the 
reaction,  including  relative  standard  deviations  (Sr) . The 
results  of  the  integral  graphical  method  are  presented  in 
first,  second,  and  third  order  plots  in  Figures  33  - 36. 

The  reaction  was  also  investigated  using  Method  A in 
methylene  chloride  at  25°C  with  initial  concentrations  of 
0.50  M for  each  reactant.  The  reaction  was  monitored  by 
integration  of  the  3,5-pyridine  proton  resonances  of  the 
boronium  iodide  produced  vs.  those  of  the  starting  materials. 
Poor  resolution  of  the  reactant  and  product  resonances 
limited  the  accuracy  of  the  measurements.  The  results  of 
the  second  order  calculations  by  the  tabular  method  and  the 
integral  graphical  method  are  presented  in  Table  9 and  Fig- 
ure 37,  respectively. 

The  overall  order  of  the  reaction  and  the  rate  constant 
at  70 . 0°C  were  also  determined  in  benzene  by  Method  B.  Sam- 
ples of  a stock  solution  of  0.100  M 4-methylpyr idine-borane 
and  0.100  M 4-methylpyridine-iodoborane  were  pipetted  into 
reaction  tubes  each  fitted  with  a serum  cap  and  a syringe 
needle  to  allow  the  exit  of  gases.  The  reaction  tubes  were 
removed  from  the  Dri-Lab  one  at  a time,  and  immersed  in  a 
100°C  bath  for  a predetermined  period  necessary  to  bring  the 
temperature  of  the  reaction  mixture  to  approximately  70°C. 
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Figure  33.  First  order  plot  for  the  formation  of  bis  (4- 
methylpyridine) boronium  iodide  in  benzene  at  60.0°C. 
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Figure  34.  Second  order  plot  for  the  formation  of  bxs(4- 
methylpyridine) boronium  iodide  in  benzene  at  60.0°C 
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Figure  35.  Third  order  plot  for  the  formation  of  bis  (4- 
methylpyridine) boronium  iodide  in  benzene  at  60.0°C. 


(a  -x) 
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Figure  36.  Modified  second  order  plot  for  the  formation 
of  bis (4-methylpyridine) boronium  iodide  in  benzene  at  60.0°C. 
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Table  9 

Second  Order  Rate  Constants  for 
Bis (4-methylpyridine) boronium  Iodide 
Formation  in  Methylene  Chloride  at  25°C 


Time,  _4  M-CH^pyBH^l a k2 , M sec  ^ x 10~* 

sec  x 10 


0.54 

0.46 

3.5 

1.53 

0.44 

1.8 

7.29 

0.4  0 

0.64 

15.9 

0.36 

0.47 

a [4-CH3pyBH3] 

|Q  = [4-CH3pyBH2I]o  = 

0.50 

82 


Figure  37.  Second  order  plot  for  the  formation  of  bis  (4- 
methylpyr idine ) boronium  xodxde  xn  methylene  chloride  ai_ 

25 °C . 
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Each  reaction  tube  was  then  inserted  in  a 70,0°C  constant 
temperature  bath  at  time  zero  for  that  tube.  After  heating 
at  70.0°C  for  the  appropriate  reaction  time,  each  tube  was 
removed  from  the  constant  temperature  bath  and  cooled  to 
approximately  20°C  in  an  ice  bath  with  a flow  of  dry  nitro- 
gen passing  through  the  tube  during  the  cooling  process. 

The  tube  was  then  taken  into  the  Dri-Lab,  and  the  white 
needles  which  had  precipitated  were  collected  by  suction 
filtration  on  a tared  coarse-f r itted  funnel.  The  funnel  and 
precipitate  were  washed  thoroughly  with  20  ml  of  benzene, 
dried  under  vacuum,  and  weighed  again  to  obtain  the  weight  of 
precipitate  collected.  For  each  sample  the  precipitate 
collected  was  completely  soluble  in  methylene  chloride,  so 
that  no  hydrolysis  products  such  as  boric  acid  were  believed 
to  be  present.* 

The  reproducibility  of  Method  B and  the  purity  of  the 
bis ( 4-methylpyridine ) boronium  iodide  product  were  investi- 
gated in  a triplicate  run  with  initial  0.125  M concentra- 
tions for  each  reactant,  and  a reaction  time  of  100.0  min 
at  70.0°C.  The  results  presented  in  Table  10  indicate  a 
reproducibility  of  better  than  2%  for  the  method.  The  com- 
bined precipitates  (m  p = 190-192°C,  dec.)  from  the  three 
runs  were  analyzed  for  precent  composition  with  the  follow- 
ing results: 


*Hydrolysis  reactions  of  amine-boranes 
form  boric  acid  as  one  product . ^ 


and  amine-haloboranes 


Table  10 

Triplicate  Runs  for  Bis ( 4-methylpyridine) boroni um  Iodide 
Formation  by  Method  B in  Benzene  at  70.0°C 
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044.00%,  04.37%,  08.43%,  1 = 38.93%,  and  B=3.35%; 
theory  for  c12Hi6N2IB: 

044.21%,  04.95%,  108.59%,  1 = 38.93%,  and  B=3.32%. 

The  1H  nmr  spectrum  of  the  compound  in  methylene  chloride 
exhibited  a singlet  at  155  Hz  attributed  to  the  methyl 
resonance,  and  two  doublets  (J=7  Hz)  at  460  Hz  and  512  Hz 
representing  the  3,5-  and  2,6-aromatic  protons,  respectively 
The  infrared  spectrum  of  the  boronium  iodide  contained  the 
following  absorptions  (cm-1):  3040  (wk,s),  3020  (wk,s), 

2470  (med , s) , 2450  (med,s),  2335  (v  wk) , 1627  (st,s),  1550 
(v  wk) , 1501  (med , s) , 1445  (med,br),  1425  (sh) , 1331  (med, 
s) , 1272  (med , s ) , 1225  (v  wk) , 1205  (sh) , 1191  (wk,s),  1145 
(sh) , 1142  ( st , s ) , 1112  (wk , s ) , 1092  (st,s),  1060  (wk,s), 

960  (wk, s) , 890  (v  wk) , 860  (v  wk) , 833  (med,s),  821  (med,s) 
743  (med,s),  683  (wk,s),  669  (wk,s),  544  (med,s),  493  (med, 
s) , 464  (wk, s) , and  404  (wk,s). 

The  results  of  kinetic  runs  with  initial  reactant  con- 
centrations of  0.100  M and  variable  reaction  times  are  pre- 
sented in  Table  11  with  second  order  rate  constants  calcu- 
lated by  the  tabular  method.  Second  order  plots  for  the 
integral  graphical  method  are  presented  in  Figures  38  and  39. 

Order  with  respect  to  each  starting  material.  Analysis 
of  the  preceding  experiments  established  the  reaction  as 
second  order  overall  with  respect  to  the  starting  materials 
(see  the  Discussion  section) . The  order  of  the  reaction 
with  respect  to  each  starting  material  was  determined  from 
runs  with  unequal  initial  concentrations  of  the  reactants 


Table  11 

Second  Order  Rate  Constants  for  Bis (4-methylpyridine) boronium  Iodide 

Formation  in  Benzene  at  70.0°C 
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Figure  38.  Second  order  plot  for  the  formation  of  bis  (4- 
methylpyr idine ) boronium  iodide  in  benzene  at  /0.0°C. 
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-4 

Time  x 10  sec 

Figure  39.  Modified  second  order  plot  for  the  formation 
of  bis (4-methylpyridine) boronium  iodide  in  benzene  at 
70. 0°C. 
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using  Method  B at  70.0°C  in  benzene.  The  initial  concen- 
trations of  the  reactants  were  varied  by  using  appropriate 
aliquots  of  1.00  M 4-methylpyridine-borane  and  1,00  M 4- 
methylpyridine-iodoborane  stock  solutions  for  a constant 
reaction  tine  of  100.0  min.  Table  12  lists  the  results  of 
second  order  calculations  for  q and  r equal  to  one;  q equal 
to  two  and  r equal  to  zero?  and,  q equal  to  zero  and  r equal 
to  two . 

Effects  of  bis (4-methylpvridine) boronium  cation  and 
iodide  anion.  The  influence  of  iodide  ion  on  reaction 
was  investigated  by  comparing  the  rate  of  the  reaction  of  a 
solution  of  0.50  M 4-methylpyridine-borane,  0.50  M 4 -methyl- 
pyridine-iodoborane , and  0.10  M triethvlammonium  iodide  with 
that  of  a control  sample  with  no  triethylammonium  iodide 
under  identical  conditions.  Likewise,  the  influence  of  the 
boron  cation  was  investigated  using  a solution  of  0.50  M 4- 
methylpyridine-borane , 0.50  M 4-methylpyridine-iodobcrane , 
and  0.10  M bis (4-methylpyridine) boronium  iodide.  The 
boronium  iodide  used  here  and  in  subsequent  experiments  was 
prepared  by  reaction  44  as  described  above  for  Method  B. 

All  three  solutions  were  reacted  in  capped  nmr  tubes  at 
22.0°C  for  18  hr,  and  then  ''"H  nmr  spectra  were  taken.  The 
concentrations  of  unreacted  pyridine-borane  and  4-methylpyr- 
iaine-iodoborane  were  determined  for  each  sample  by  integra- 
tion of  the  3,5-aromatic  resonances  of  the  reactants  and  the 
boronium  iodide  formed.  Within  experimental  error  (+0.005 
M) , the  concentrations  of  unreacted  4-methylpyridine-borane 


Table  12 

Second  Order  Rate  Constants  for  Bis (4-methylpyridine) boronium  Iodide 
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were  identical  in  each  sample  (0,41  M) , 


Effect  of  diborane.  A 0.8  0 ml  portion  of  a freshly- 
prepared  solution  of  0.50  M 4-methylpyridine-borane  and 
0.50  M 4-methylpyridine-iodoborane  in  methylene  chloride 
was  syringed  into  a nmr  tube  fused  to  a socket  joint.  The 
tube  was  connected  to  a ball  joint-vacuum  stopcock-ball 
joint  adapter,  and  was  immediately  removed  from  the  Dri-Lab 
and  immersed  in  liquid  nitrogen  to  freeze  the  solution.  The 
apparatus  was  then  connected  to  the  vacuum  line  and  evacu- 
ated thoroughly,  and  freshly  purified  diborane  (0.042  mmoles) 
was  condensed  into  the  tube.  The  quantity  of  diborane  used 
was  21%  of  the  amount  that  could  be  produced  by  complete 
reaction  according  to  equation  44.  The  nmr  tube  was  sealed, 
warmed  to  22.0°C,  and  nmr  spectra  were  taken  periodically. 
The  concentrations  of  reactants  remaining  at  each  time  were 
determined  by  integration  of  the  3,5-aromatic  resonances  of 
the  reactants  and  of  the  boronium  iodide  product.  A plot  of 
concentration  of  unreacted  borane  vs.  time  is  presented  in 
Figure  40  along  with  a similar  plot  for  a control  sample 
with  no  externally  added  diborane.  The  initial  rate  for 
each  reaction  was  determined  from  the  slope  of  a tangent  to 
the  concentration  vs.  time  plot.  The  solution  with  the 
added  diborane  reacted  with  an  initial  rate  0.24  times  that 
of  the  control  sample. 

Order  with  respect  to  diborane.  The  reaction  was  run 
in  a mixed  solvent  system  containing  a molar  ratio  of  2.3 
parts  of  1 , 1 , 2 , 2-tetrachloroet’nane  for  every  1.0  parts  of 
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Time  x 10  sec 

Figure  40.  Concentration  of  4-methylpyridine-borane  v_s, 
time  plots  for  the  formation  of  bis (4-methylpyridine) boronium 
iodide  in  methylene  chloride  at  22°C.  Sample  B contained 
21  mole  % of  externally  added  diborane. 
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1 , 3 , 5-tr imethylbenzene , This  solvent  system  was  suitable 
for  solvation  of  the  boronium  iodide  formed,  and  also  for 
adequate  resolution  of  the  aromatic  nrnr  resonances  of  the 
reactants  and  product.  Neither  solvent  alone  exhibits  both 
o^  these  properties.  A solution  0.500  M in  each  reagent  was 
prepared  by  dissolving  4-methylpyridine-borane  (0.5348  g, 
5.000  mmole)  in  approximately  3 ml  of  dry  solvent  in  a 5 ml 
vo_l  ^metric  flask.  the  solution  was  cooled  to  approximately 
-10°C  (Minifreezer),  and  solid  iodine  (0.3173  g,  1.250  mmole) 
Was  added  a portion  at  a time  while  keeping  the  solution 
cool.  The  resulting  solution  was  brought  to  volume  with 
solveriL,  and  a 0.70  ml  sample  was  pipetted  into  a special 
large  volume  nmr  tube.  The  tube  had  been  expanded  near  the 
top  to  give  a spherical  bulb,  with  a constriction  between 
the  bulb  and  a socket  joint  fused  to  the  open  end  of  the 
tube.  Another  sample  (3.28  ml)  was  pipetted  into  a thick- 
walled  test  tube  with  a standard  taper  female  joint.  Both 
sample  tubes  were  fitted  with  vacuum  stopcock  adapters,  re- 
moved from  the  Dri-Lab,  cooled  immediately  to  -196°C,  and 
connected  to  the  vacuum  line.  The  evacuated  nmr  tube  was 
sealed  at  the  constriction  to  provide  a total  volume  cali- 
brated to  oe  o . 5 0 ml.  The  evacuated  test  tube  was  fitted  to 
^ calibrated  portion  of  the  vacuum  line  including  a mano- 
meter. The  total  volume  of  the  test  tube  plus  manifold 
(39.8  ml)  was  kept  constant  during  the  reaction  by  adjusting 
the  mercury  level  in  the  manometer 


as  necessary. 


The  vacuum 
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test  tube  and  manifold  were  a simulation  of  the  sealed  nmr 
tube  with  the  same  ratio  of  liquid  volume  to  gas  volume,  and 
the  same  relative  area  for  the  liquid-gas  interface.  Con- 
sequently, the  vacuum  test  tube  provided  a model  of  the 
large  volume  nmr  tube  attached  to  a manometer,  so  that  1H 
nmr  spectra  and  pressure  measurements  could  be  made  on  iden- 
tical systems.  Both  tubes  were  immersed  in  a 20.0°C  con- 
stant temperature  bath  at  time  zero.  Pressure  readings  of 
the  vacuum  line  sample  and  ^"H  nmr  spectra  of  the  sealed  sam- 
ple were  taken  periodically.  The  temperature  of  the  spec- 
trophotometer probe  was  equilibrated  at  20°C  before  inser- 
tion of  the  sample  tube.  A special  large  volume  pressure 
cap  was  required  for  use  with  the  oversized  nmr  tube.  The 
concentration  of  4-methylpyridine-borane  remaining  at  each 
time  (t)  was  determined  by  direct  integration  of  the  rela- 
tive areas  of  the  3,5-aromatic  resonances  of  the  reactants 
and  product.  The  direct  pressure  readings  of  the  vacuum 
line  sample  were  compensated  for  the  vapor  pressure  of  the 
solvent  at  20.0°C  (4.0  mm)  to  determine  the  partial  pressure 
of  diborane.  Figure  41  is  a plot  of  the  concentration  of 
4-methylpyridine-borane  vs.  time,  and  Figure  42  is  a plot 
of  the  pressure  of  diborane  vs_.  time.  Tangents  were  drawn 
at  several  points  along  the  concentration  vs.  time  plot  in 
Figure  41,  and  their  slopes  (V)  were  determined.  The  con- 
centration and  time  coordinates  of  each  of  these  points,  and 
the  slopes  of  the  tangents  are  recorded  in  Table  13 . The 
corresponding  pressure  of  diborane  at  each  time  listed  in 


[4-CH-.pyBH 
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Figure  41.  Concentration  of  4-methylpyridine-borane  vs . 
time  plot  for  the  formation  of  bis (4-methylpyridine) boronium 
iodide  in  1 , 1 , 2 , 2-tetrachloroethane  and  mesitylene  at  20.0°C. 
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Figure  42.  Pressure  of  diborane  vs.  time  plot  for  the  formation  of  bis ( 4 -methylpyridine) - 
boronium  iodide  in  1 , 1 , 2 , 2-tetrachloroethane  and  mesitylene  at  20.0°C. 
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Table  13  was  determined  from  Figure  42,  and  the  concentra- 
tion of  dissolved  diborane  was  calculated  from 


[B2H6]  2 


B2H6 

760  V gas 


(30) 


RT  V soln 

where  x is  the  concentration  of  4-methylpyridine-borane 
reacted,  PB2Hg  is  the  pressure  of  diborane  in  mm,  V gas  is 
total  volume  occupied  by  diborane  in  liters  for  the  vacuum 


line  sample,  R is  the  ideal  gas  constant,  T is  the  absolute 
temperature,  and  V soln  is  the  volume  of  the  vacuum  line  re- 
action mixture  in  liters.  A least  squares  plot  of  2 + log 

Y vs.  3 + log  [B-H,.]  was  constructed,  and  the 

[4-CH3pyBH3T?  — y 2 6 

slope  was  determined  (Figure  43) . 

Relative  rates  of  boronium  iodide  production 

Relative  rates  of  boronium  iodide  production  were  deter- 


mined for  the  4-methyl,  4-chloro,  2-methyl,  2,6-dimethyl,  and 

unsubstituted  pyridine  derivatives  at  35.0°C  in  methylene 

chloride.  Solutions  0.50  M each  in  the  pyridine-borane  and 

the  respective  pyridine-iodoborane  were  reacted  in  capped 

nmr  tubes  at  35.0°C  in  a constant  temperature  bath.  1H  nmr 

spectra  of  the  samples  were  taken  at  various  times  and  after 

19  hr  of  reaction.  The  extent  of  reaction  after  19  hr  was 

1 

determined  for  each  derivative  by  integration  of  the  ' H nmr 
spectrum  at  that  time.  Except  for  4-chloro  substitution, 
resonances  of  the  reactants  were  integrated  relative  to 
those  of  the  bis (pyridine) boronium  iodide  formed.  For  the 
methyl— substituted  derivatives , the  aliphatic  region  oi  the 
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Figure  43.  Plot  to  determine  the  order  with  respect  to  diborane  of  the  reaction  to  form 
bis (4-methylpyridine) boronium  iodide  in  1 , 1 , 2 , 2-tetrachioroethane  and  mesitylene  at  20.0 
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spectrum  was  integrated  to  determine  the  concentrations  of 
the  reactants  and  the  boronium  iodide.  For  4-methyl  and  2- 
methyl  substitution,  it  was  necessary  to  integrate  a 50  Hz 
sweep  width  spectrum  with  a planimeter.  For  the  unsubsti- 
tuted system,  the  extent  of  reaction  was  determined  by  in- 
tegration of  the  aromatic  resonances  of  the  reactants  and 
product.  Due  to  the  low  solubility  of  the  boronium  iodide 
for  4-chloro  substitution,  the  reaction  was  monitored  by 
integration  of  the  2,6-aromatic  proton  resonances  of  the  re- 
actants vs.  n-heptane  as  a quantitative  internal  standard. 
The  results  are  presented  in  Table  14.  The  error  limits  are 
based  on  estimates  of  the  accuracy  of  the  nmr  integrations. 

Corroborative  Experiments 

NMR  Spectra  of  Pyr idine-Boranes , Pyr idine-Iodoboranes , and 
their  Mixtures 

~*~H  nmr  spectra 

Solutions  of  substituted  pyridine-boranes  (R-pyBH^; 

R=H , 4-CH3,  4 -Cl , 2-CH3,  2,6-(CH3)2,  and  2-C(CH3)3),  and 
separate  solutions  of  their  monoiodinated  derivatives 
(R-pyBH2I)  were  prepared  in  methylene  chloride  and  their 
nmr  spectra  were  taken  (Tables  15  - 17).  In  addition,  spec- 
tra were  taken  for  freshly  prepared  equimolar  mixtures  of 
the  borane  and  iodoborane  adducts  for  each  pyridine  deriva- 
tive (Figures  44  - 49) . The  pyridine-iodoborane  solutions 
and  the  mixtures  were  prepared  in  the  Dri-Lab  by  the  addi- 
tion of  an  appropriate  amount  of  iodine  to  a 


solution  of 
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Table  14 

Extents  of  Bis (pyridine ) boronium  Iodide 
Formation  for  Substitute~d  Pyridines 
in  Methylene  Chloride  at  35°C 


R in  R~pya 

% 

H 

40 

4-CH3 

29 

4-C1 

58 

2-CH3 

20 

2,6-  (CH3 ) 2 

4.6 

Reaction 


b 


+ 2 
+ 2 
+ 1 
+ 3 
+ 0.5 


a [R-pyBH3]o  = [R-pyBH2I]Q  = 0.50 
Ail  reaction  times  were  19  hr 


Table  15 

NMR  Data  for  Substituted  Pyridine-Boranes 
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Table  16 

NMR  Data  for  Substituted  Pyridine-Iodoboranes 
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^ Table  17 

h NMR  Chemical  Shifts  for  the  Methyl  Resonances  of 
Alkyl-Substituted  Pyridine-Boranes , Pyridine-Iodoboranes , 

and  their  Mixtures 
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550  500  s Hz  450  400 

Figure  44.  nmr  spectra  of  4-methylpyridine  adducts  in 

methylene  chloride. 
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Figure  45.  nmr  spectra  of  pyridine  adducts  in  methylene 

chloride. 
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Figure  46.  H nmr  spectra  of  2-methylpyridine  adducts  in 
methylene  chloride. 
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[2, 6- (CH3) 2pyBH2I]  = 1.0 


y~ 


6,  Hz 


Figure  47.  "*"H  nmr  spectra  of  2 , 6-dimethylpyridine  adducts 

in  methylene  chloride. 
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Figure  48.  nmr  spectra  of  4-chloropyr idine  adducts  in 

methylene  chloride. 
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Figure  49.  Aliphatic  resonances  in  the  H nmr  spectra  of 
equimolar  mixtures  of  alkyl-substituted  pyridine-boranes 
and  pyriaine-iodoboranes  in  methylene  chloride;  [R-pyBH_]  = 
[R-pyBH2I]  =0.50.  " J 
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the  pyridine-borane  as  described  previously. 

Effect  of  tetra (n-butyl) ammonium  iodide.  The  influence 
of  iodide  ion  on  the  H nmr  spectrum  of  a mixture  of  a sub- 
stituted pyridine-borane  and  the  corresponding  pyridine-io- 
doborane  was  investigated  for  a solution  containing  0.500  M 
4-methylpyridine-borane , 0.500  M 4-methylpyridine-ioaoborane, 
and  1.02  M tetra (n-butyl) ammonium  iodide  in  methylene  chlo- 
ride. The  features  of  the  H nmr  spectrum  of  the  resulting 
solution  were  essentially  identical  to  those  of  an  analogous 
solution  without  the  ammonium  iodide  (Figures  44-C  and  49--A)  . 

Effect  of  diborane.  The  preparation  of  a sample  of  4- 
methylpyridine-borane  and  4-methylpyridine-ioaoborane  with 
added  diborane  was  described  previously  (p  91).  The  general 
features  of  the  Hi  nmr  spectrum  of  the  solution  after  1 hr 
at  room  temperature  were  the  same  as  those  of  an  otherwise 
identical  solution  with  no  externally  added  diborane  (Figure 
44-C)  except  that  a lower  concentration  of  the  bis ( 4-methyl- 
pyridine  ) boronium  iodide  was  observed  for  the  sample  contain- 
ing added  diborane. 

Temperature  effects.  A portion  of  a cold  (-10°C) , 
freshly  prepared  solution  of  0.50  M 4-methylpyridine-borane 
and  0.50  M 4-methylpyridine-ioaoborane  in  1 , .1 , 2 , 2-tetrachlo- 
roethane  was  placed  in  a nmr  tube  fused  to  a socket  joint. 

The  tube  was  connected  to  a ball  joint/vacuum  stopcock/ball 
joint  adapter,  removed  from  the  Dri-Lab,  and  placed  in 
liquid  nitrogen.  The  apparatus  was  then  attached  to  the 
vacuum  line  and  evacuated  before  sealing  the  frozen  sample 
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in  the  tube.  The  sealed  tube  was  placed  in  the  precooled 
probe  of  the  spectrophotometer,  and  the  nmr  spectrum  was 
taken  after  equilibration  at  -48°C.  Spectra  were  also  taken 
at  progressively  higher  temperatures  up  to  +16 °C  (Figures 
50  and  51).  A small,  very  broad  peak  centered  at  approxi- 
mately 200  Hz  was  also  visible  at  low  temperature. 

11- 

B nmr  spectra 

Solutions  of  1.0  M 4-methylpyridine-borane , 1.0  M 4- 

methylpyridine-ioaoborane , and  a mixture  of  1.0  M 4-methyl- 

pyridine-borane  and  1.0  M 4-methylpyridine-iodoborane  were 

11 

prepared  in  the  methylene  chloride,  and  their  B nmr  spectra 
were  obtained.  The  results  are  presented  in  Figure  52.  The 
spectrum  of  the  mixture  was  obtained  on  a freshly  prepared 
sample . 

Preparation  of  Bis ( 4-chloropyr idine) boronium  Iodide  from  4- 
Chloropyridine  and  4-Chloropyridine-Iodoborane 

4-Clpy  + 4-ClpyBH2I  -*  (4-Clpy)  2BH2  + I_  (31) 

The  method  of  Ryschkewitsch^ ' ^ for  the  preparation  of 
bis (amine) boronium  iodides  from  the  reaction  of  amines  with 
amine-iodoboranes  was  employed.  Since  4-chloropyridine  is 
unstable,''^  it  was  necessary  to  prepare  a fresh  aqueous 
solution  of  the  free  amine  from  its  hydrochloride  salt. 

4-ClpyH+  + OH~  -*  4-Clpy  + H20  (32) 

4-Chloropyridine  hydrochloride  (7.50  g,  50.0  mmole)  was  dis- 
solved in  25  ml  of  distilled  water,  and  a sodium  hydroxide 
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Figure  50.  Temperature  dependence  of  the  aromatic  region 
of  the  1h  nmr  spectrum  of  an  equimolar  mixture  of  4-methyl- 
pyridine-borane  and  4-methylpyr idme-iodoborane  in  1,1, 2, 2- 
tetrachloroe thane . 
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- 4 5 ° C 


-37  °C 


-17  °C 


Figure  50  continued. 
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Figure  51.  Temperature  dependence  of  the  aliphatic  region 
of  the  1h  nmr  spectrum  of  an  equimolar  (0.50  M)  mixture  of 
4-methylpyridine-borane  and  4-methylpyridine-iodoborane  in 
1 , 1 , 2 , 2-tetrachloroethane . 
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Figure  52.  X±B  nrar  spectra  of  4-methylpyridine  adducts  in  methylene  chloride. 
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solution*  (50.0  ml  of  1.00  M)  was  added  a drop  at  a time  with 
stirring.  As  the  sodium  hydroxide  was  added  the  solution 
became  yellow,  and  after  the  addition  was  half  complete  a 
yellow  layer  formed.  The  mixture  was  extraced  with  30  ml  of 
benzene,  and  the  colorless,  turbid  organic  layer  was  stirred 
over  anhydrous  magnesium  sulfate  for  10  min,  and  then  over 
calcium  hydride  for  18  hr  to  remove  water.  The  mixture  was 
filtered  and  washed  with  benzene,  and  an  aliquot  of  the  clear 
filtrate  was  standardized  with  0.100  M HC1  to  a methyl  orange 
endpoint  to  determine  the  4-chloropyridine  concentration 
(0.465  M) . Next  a 77.0  ml  portion  of  the  standardized  4- 
chloropyridine  solution  (2%  excess)  was  reacted  with  34.0 
mmole  of  4-chloropyridine-ioaoborane  dissolved  in  75  ml  of 
benzene.  The  iodoborane  was  prepared  in  situ  from  the  re- 
action of  4-chloropyridine-borane  (4.33  g,  34.0  mmole)  with 
iodine  (4.32  g,  17.0  mmole).  The  4-chloropyridine  solution 
was  added  dropwise  over  a 1 hr  period.  The  bis ( 4-chloropyri- 
dine) boronium  iodide  which  precipitated  was  filtered,  washed 
with  benzene,  and  dried  under  vacuum  (12.2  g,  98.0%  yield). 
The  infrared  spectrum  of  the  product  contained  the  following 
adsorptions  (cm  ^) : 3090  (med,s),  3060  (st,s),  3040  (wk,s), 

3000  (wk, s) , 2500  (med,s),  2460  (wk,s),  1612  (st,s),  1560 
(vwk),  1480  ( s t , s ) , 1430  (st,s),  1380  (vwk),  1353  (vwk), 
1265  (med, s) , 1200  (med,s),  1150  (st,s),  1130  (vwk),  1120 


*It  is  important  not  to  use  a large  excess  of  sodium  hydrox- 
ide over  the  quantity  required  by  equation  32.  No  4-chloro- 
pyridine could  be  isolated  from  reaction  mixtures  containing 
large  (100%)  excesses  of  NaOH. 
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(sh),  1100  (sh)  , 1085  (st,s),  1075  (sh)  , 1050  (med,s),  960 
(v  wk) , 905  (wk, s) , 859  (wk,s),  345  (wk,s),  835  (st,s),  782 
(st,s),  740  (wk , s) , 660  (v  wk) , 630  (v  wk) , 520  (med,s),  and 
495  (med , s ) . The  boronium  iodide  is  insoluble  in  acetonitrile, 
nitromethane , and  acetone,  and  slightly  soluble  in  water  and 
methylene  chloride.  The  compound  is  moderately  soluble  in 
methanol,  but  apparently  undergoes  slow  solvolysis  with  gas 
evolution  and  formation  of  a green  solution.  The  1H  nmr 
spectrum  of  the  crude  boronium  iodide  in  methanol  consisted 
of  two  doublets  (J=7)  482  Hz  and  533  Hz,  with  no  detectable 

resonances  due  to  impurities.  The  boronium  iodide  was  con- 
verted to  the  hexaf luorophosphate  salt  by  the  method  of 

52 

Hainan  and  Ryschkewitsch . The  yield  of  the  conversion  was 

only  82.9%,  presumably  due  to  the  large  quantities  of  water 
required  to  dissolve  the  iodide  salt.  The  boronium  hexa- 
f luorophosphate  is  insoluble  in  methylene  chloride,  and  sol- 
uble in  acetonitrile.  The  infrared  spectrum  of  the  compound 
contained  the  following  absorptions  (cm-1):  3120  (wk,s), 

3100  (sh) , 2520  (sh) , 2485  (med,s),  2430  (wk,s),  2390  (v  wk) , 
1616  ( s t , s ) , 1563  (med , s) , 1492  (med,s),  1462  (v  wk) , 1438 
( s t , s ) , 1262  (wk, s) , 1198  (wk,s),  1165  (sh)  , 1155  (st,s), 

1132  (wk , s ) , 1103  (sh) , 1090  (st,s),  1075  (sh) , 1056  (med,s), 
1020  (v  wk) , 882  (sh) , 860  (st,s),  833  (st,s),  825  (sh) , 782 
(med , s ) , 743  (wk,s),  663  (v  wk) , 557  (st,s),  523  (med,s), 

498  (med,s) , and  387  (v  wk) . The  spectrum  of  the  compound 
was  unchanged  after  recrystallization  from  acetonitrile  with 
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ether.  The  nmr  spectrum  of  an  acetonitrile  solution  of 
the  recrystallized  boronium  hexaf luorophosphate  consisted 
of  two  doublets  (J=7)  at  474  and  519  Hz,  with  no  other  res- 
onances detectable.  Elemental  analysis  of  the  recrystallized 
cation  gave  the  following  results: 

C=31 . 37% , H=  2.67%,  N=7.27%,  B=3.06%,  and  Cl=18.27%; 
theory  for  : 

C=31 . 21% , H=2 . 62% , N=7 .28%,  B=2.81%,  and  Cl=18.42%. 

Identification  of  Diborane  and  Bis (4-chloropyridine) boronium 
Iodide  as  Products  of  the  Reaction  Between  4-Chloropyridine- 
Borane  and  4-Chloropyridine-Iodoborane ; Stoichiometry  of  the 
Reaction 

4-Chloropyridine-borane  (2.55  g,  20.0  mmole)  was  dis- 
solved in  100  ml  of  dry  benzene  in  the  Dri-Lab  in  a 500  ml 
2-neck  flask  fitted  with  a vacuum  stopcock  adapter  and  a 
tipping  tube  containing  iodine  (1.27  g,  5.00  mmole).  The 
apparatus  was  removed  from  the  Dri-Lab,  connected  to  the 
vacuum  line,  and  evacuated  to  a pressure  of  110  mm.  As  the 
iodine  was  added  to  the  reaction  flask  over  a 1 hr  period,  a 
yellow  precipitate  formed,  Then  the  reaction  mixture  was 
frozen,  and  the  flask  was  evacuated  through  two  cold  traps 
at  -78°C,  and  then  through  two  others  at  -196°C.  The  flask 
was  warmed  to  room  temperature  and  the  reaction  mixture  was 
stirred.  Periodically,  volatile  portions  were  removed  from 
the  reaction  flask  and  were  fractionated  through  the  -78°C 
and  -196°C  traps.  The  material  condensing  at  -78°C  was  re- 
turned to  the  reaction  flask,  and  the  material  condensing  at 
-196°C  was  kept  frozen.  After  several  weeks  of  reaction, 
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the  mixture  was  evacuated  to  dryness  through  the  series  of 
traps.  The  material  condensing  at  -196°C  was  distilled  four 
times  through  a -130°C  trap  (n-pentane  slush)  to  remove 
traces  of  benzene.  The  infrared  spectra  of  the  contents  of 
the  -78°C  and  -130°C  traps  showed  the  presence  of  benzene 
only . 

Characterization  of  diborane 

The  infrared  spectrum  (42  mm  pressure)  and  mass  spectrum 

of  the  gas  condensing  at  -196°C  were  identical  to  the  pub- 
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lished  spectra  of  diborane.  The  gram  molecular  weight  of 
the  gas  was  determined  as  27.2  g/moie  (theory=27.6  g/mole 
for  B-H,).  A total  of  3.81  mmole  of  diborane  was  obtained 

A b 

(76.2%  yield),  although  some  losses  occurred  due  to  leakage 
into  the  vacuum  system  on  long  standing. 

Characterization  of  bis (4-chloropyridine) boronium  iodide  and 
hexaf luorophosphate 

The  nonvolatile  residue  from  the  reaction  mixture  was 
slurried  with  50  ml  of  benzene  and  filtered  in  the  Dri-Lab. 

The  yellow,  insoluble  solid  was  washed  with  benzene  and  dried 
under  vacuum  to  a constant  weight  of  3.27  g.  The  infrared 
spectrum  of  the  solid  was  indentical  to  that  of  the  bis  (4- 
chloropyridine) boronium  iodide  prepared  from  the  reaction  of 
4-chloropyridine  with  4-chioropyridine-iodoborane , except  for 
a medium,  sharp  absorption  at  1558  cm  ^ in  the  former  spec- 
trum. Further  the  nmr  spectrum  of  the  compound  dissolved 
in  methanol  was  identical  to  that  of  the  bis (4-chloropyridine) - 
boronium  iodide  prepared  by  the  reaction  of  the  free  amine 
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with  the  amine-iodoborane , The  weight  of  the  boronium  io- 
dide collected  corresponded  to  an  89.2%  yield.  The  weight 
of  the  benzene-soluble  portion  of  the  nonvolatile  residue 
from  the  reacture  mixture  was  0.52  g.  The  theoretical  weight 
for  the  unreacted  4-chloropyridine-borane  and  4-chloropyri- 
dine-iodoborane  was  0.43  g. 

The  bis (4-chloropyridine) boronium  iodide  was  converted 
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to  the  hexaf luorophosphate  salt  with  an  86.3%  yield.  The 

infrared  spectrum  of  the  compound  was  identical  to  that  of 

the  boronium  hexaf luorophosphate  prepared  by  the  method  of 
49  50  1 

Ryschkewitsch,  ' but  the  H nmr  spectrum  (CH^CN)  exhibited 
a minor  resonance  at  497  Hz  due  to  an  impurity  in  addition 
to  the  peaks  expected  for  the  product.  Recrystallization  of 
the  boronium  hexaf luorophosphate  from  acetonitrile  with  ether 
eliminated  most  of  the  impurity  detected  in  the  nmr  spec- 
trum. Elemental  analysis  of  the  recrystallized  cation  gave 
the  following  results: 

C=30 . 98% , H=2 . 54 % , N=6.94%,  B=3.00%,  and  Cl=18.68%; 
theory  for  C.  : 

C=31 . 21% , H=2 . 6 2% , N=7 . 28 % , B=2.81%,  and  Cl=18.42%. 

Melting  points  and  mixed  melting  points  of  the  bis(4- 
chloropyridine) boronium  hexaf luorophosphates . The  melting 
points  of  the  bis ( 4-chloropyridine) boronium  hexaf luorophos- 
phates prepared  by  the  reaction  of  4-chloropyridine  with  4- 
chloropyridine-ioaoborane , and  by  the  reaction  of  4-chloro- 
pyridine-borane with  4-chloropyr idine-iodoborane  were  deter- 
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mined.  The  melting  point  of  the  compound  prepared  by  the 
former  method  was  128 . 5-129 , 2°C,  and  that  of  the  compound 
prepared  by  the  latter  method  was  123 . 2-128 . 5 °C . A ground 
50/50  mixture  of  the  two  hexaf luorophoshpates  melted  at 
128 . 3-128 . 5°C.  All  three  melting  points  were  determined 
simultaneously  in  an  oil  bath  heated  at  2°C  per  minute.  The 
boronium  hexaf luorophosphate  melts  with  decomposition  with 
the  formation  of  a gas  and  a green  liquid.  Consequently, 
the  observed  melting  point  of  a given  sample  is  quite  depend- 
ent on  the  rate  of  heating,  so  that  simultaneous  heating  of 
different  samples  is  desirable  for  comparison  purposes. 

Sharp  melting  points  as  high  as  144 . 3-14 5 . 0 °C  could  be  ob- 
tained for  the  above  samples  by  heating  at  a faster  rate. 

Reactions  of  4-Chloropyridine-Borane  and  4-Chloropyridine- 
Iodoborane  in  Methylene  Chloride 

Reaction  of  4-chloropyridine-borane  with  4-chloropyridine- 
iodoborane 

A solution  containing  0.50  M 4-chloropyridine-borane 
and  0.50  M 4-chloropyridine-iodoborane  in  methylene  chloride 
was  stirred  in  a stoppered  test  tube  for  64  hr  at  room  tem- 
perature. The  yellow  precipitate  which  formed  was  filtered, 
washed  with  methylene  chloride,  and  dried  under  vacuum.  The 
dried  weight  of  the  solid  corresponded  to  a 51%  yield  of 

bis (4-chloropyridine) boronium  iodide.  The  boronium  iodide 
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was  converted  to  the  hexaf luorophosphate  salt  with  an  over- 

all yield  of  45%.  Except  for  a very  weak  absorption  at  638 
cm  \ the  infrared  spectrum  of  the  compound  was  identical  to 
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that  of  an  analyzed  sample  of  the  boronium  hexaf luorophos- 
phate . Likewise,  the  nmr  spectrum  in  acetonitrile  and 
solubility  properties  of  the  compound  were  identical  to  those 
of  analyzed  bis (4-chloropyridine) boronium  hexaf luorophosphate . 
Reaction  of  4-chloropyridine-borane 

A 0.50  M solution  of  4-chloropyridien-borane  in  methy- 
lene chloride,  reacted  under  the  same  condiitons  as  the  mix- 
ture above  (64  hr  at  room  temperature),  failed  to  produce 
any  boronium  iodide.  The  nmr  spectrum  of  the  solution 
was  unchanged  and  no  precipitate  was  formed. 

Reaction  of  4-chloropyridine-iodoborane 

A 0.50  M solution  of  4-chloropyridine-iodoborane  stirred 
for  64  hr  at  room  temperature  in  a stoppered  test  tube 
failed  to  produce  any  boronium  iodide.  The  nmr  spectrum 
of  the  solution  showed  no  change  and  no  precipitate  was 
formed. 

Isolation  of  the  Bis ( 4-chloropyridine ) boronium  Cation  from 
the  Reaction  of  Trimetnylamine-Iodoborane  with  4-Chloropvri- 
dine-Sorane 

A solution  of  1.0  M 4-chloropyridine-borane  and  1.0  M 
trimethylamine-iodoborane  in  methylene  chloride  was  reacted 

at  room  temperature.  After  1 hr,  the  solution  was  yellow  and 

* 

a yellow  crystalline  precipitate  had  formed.  Continued  re- 
action produced  more  solid.  After  2 days,  the  reaction  mix- 
ture was  filtered,  and  the  solid  was  washed  with  methylene 

*In  other  experiments  under  similar  conditions,  considerably 
longer  times  were  required  for  precipitation  of  the  product. 
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chloride  and  dried  under  vacuum.  The  infrared  spectrum  of 

the  precipitate  was ' identical  to  that  of  the  bis ( 4-chloro- 

pyridine) boronium  iodide  prepared  by  the  reaction  of  4- 

chloropyridine  with  4-chloropyridine-iodoborane  except  for 

a very  small  unidentified  peak  at  1710  cm-1.  The  solid, 

which  was  slightly  soluble  in  water,  was  converted  to  the 

52  1 

hexaf luorophosphate  salt.  The  H nmr  and  infrared  spectra 
of  the  compound  were  identical  to  those  of  an  analyzed  sam- 
ple of  the  bis (4-chloropyridine) boronium  hexaf luorophosphate , 
except  for  a small  absorption  at  630  cm  ^ in  the  latter 
spectrum. 

Reaction  of  4-Methylpyridine-Borane  and  4-Methylpyridine- 
Iodoborane 

Iodine  (0.635  g,  2.50  mmole)  was  added  to  a stirred 
solution  of  4-methylpyridine-borane  (1.07  g,  10.0  mmole)  in 
20  ml  of  benzene,  and  the  flask  was  removed  from  the  Dri-Lab 
and  fitted  to  a reflux  condenser.  A flow  of  nitrogen  was 
passed  across  the  top  of  the  condenser  to  carry  volatile 
materials  from  the  reaction  mixture  through  a bubbler  con- 
taining a solution  of  4-methylpyridine  in  benzene.  The  re- 
action mixture  v/as  heated  for  11  hr  at  70°C,  cooled  to  room 
temperature,  and  the  white  precipitate  (0.829  g)  was  filtered 
and  washed  with  benzene  in  the  Dri-Lab.  Further  heating  of 
the  filtrate  for  13  hr  at  80°C  produced  another  0.587  g of 
precipitate.  The  infrared  and  nmr  spectra  (Cf^Cl.-,)  of 
each  batch  of  precipitate  were  identical  to  those  of  an 
analyzed  sample  of  the  bis (4-methyl) pyridineboronium  iodide. 
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The  weight  of  solid  collected  corresponded  to  a 36.9%  yield, 

with  another  7.0%  of  unprecipitated  product  suggested  by  the 

nmr  spectrum  of  the  final  filtrate.  The  evolution  of 

diborane  as  a reaction  product  was  deduced  by  the  isolation 

of  4-methylpyridine-borane  from  the  trap  containing  4-methyl- 

pyridine.  The  compound  so  collected  exhibited  a nmr 

spectrum  identical  to  that  of  4-methylpyridine-borane,  and 
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had  a melting  point  of  73.6-73.9°C  (lit.  72-73°C  ) . 

Reaction  of  Trimethylamine-Borane  with  Trimethylamine-Iodo- 
borane 

A solution  containing  1.0  M trimethylamine-borane  and 
1.0  M trimethylamine-iodoborane  in  benzene  was  refluxed  vig- 
orously for  8 days.  After  cooling  to  room  temperature,  the 
reaction  mixture  contained  only  a trace  of  solid.  Neither 
the  solid  nor  an  aqueous  extract  of  the  benzene  solution 
yielded  any  precipitate  upon  treatment  with  saturated  aqueous 
ammonium  hexaf  luorophosphate . Further,  the  "'"H  nmr  spectrum 
of  the  benzene  solution  showed  no  change  from  its  original 
appearance,  so  that  it  was  concluded  that  no  bis ( trimethyl- 
amine)  boronium  iodide  had  been  formed. 

In  another  experiment,  a methylene  chloride  solution 
containing  2.50  mmole  each  of  trimethylamine-borane  and  tri- 
methylamine-iodoborane  wets  evaporated  to  dryness,  and  the 
reaction  flask  was  attached  to  the  vacuum  line.  After  evac- 
uation, the  reaction  mixture  was  heated  to  approximately  60°C 
in  oil  bath  at  which  point  the  solid  melted.  The  molten 
system  was  heated  to  80-85°C  for  14  hr.  No  diborane  was 
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produced,  and  the  H nmr  spectrum  of  the  residue  dissolved 
in  methylene  chloride  exhibited  resonances  of  the  starting 
materials  only.  No  resonances  attributable  to  bis ( trimethyl- 
amine)  boronium  iodide  were  visible  under  conditions  where 
0.2%  reaction  would  be  readily  detectable. 

Preparation  of  4-Methylpyridine-Trif luoroborans 

Freshly  distilled  4-methylpyridine  (30.0  ml,  307  mmole; 
b p = 143 . 8-144 . 0°C  at  756  mm)  was  dissolved  in  130  ml  of 
benzene  in  a 3-neck  flask.  The  flask  was  flushed  with  nitro- 
gen, and  boron  trifluoride  was  bubbled  through  the  stirred 
solution  until  the  effluent  gas  smoked  in  the  air,  and  then 
10  min  longer.  The  reaction  mixture  was  evacuated  to  dryness, 
and  the  white  solid  residue  (49.5%)  collected  in  the  Dri-Lab 
corresponded  to  a 97.7%  yield  of  4-methylpyridine-trif luoro- 
borane.  The  nmr  sepctrum  of  the  crude  product  dissolved 
in  methylene  chloride  exhibited  only  one  major  methyl  reso- 
nance with  a smaller  shoulder  attributed  to  an  impurity. 
Recrystallization  of  the  crude  product  from  benzene  removed 
the  impurity.  The  nmr  spectrum  of  the  recrystallized 
adduct  dissolved  in  methylene  chloride  consisted  of  a singlet 

at  154  Kz,  and  two  doublets  (J=6  Hz)  at  454  and  509  Hz,  with 

19 

the  latter  resonance  broadened.  The  F nmr  spectrum  of  the 
compound  in  methylene  chloride  consisted  of  a quartet  at 
33.5  ppm  (Jb_f=11.5  Hz).  The  infrared  spectrum  of  the  com- 
pound contained  the  following  absorptions  (cm  L):  3120  (wk. 


s) , 3070  (wk,s) , 2570  (wk,  br) , 1970  (v  wk) , 1870  (v  wk) , 
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1660  (sh)  , 1640  (st,s),  1570  (wk,s)f  1510  (med,s),  1451 
(med , s ) , 1380  (wk,br),  1230  (sh) , 1220  (sh) , 1210  (sh)  , 

1160  (st,s),  1100  (st,.br)  , 1067  (wk,s),  1045  (sh)  , 960  (sh)  , 
935  (sh),  905  (st,br),  832  (med,s),  800  (sh) , 730  (wk,s), 

678  (st,s),  560  (med,s) , 540  (med,s),  460  (v  wk) , 372  (wk, 
s)  , and  345  (wk,br).  Elemental  analysis  of  the  adduct  gave 
the  following  results: 

C=44 . 66% , H=4 . 1C% , N=8.72%,  B=6.79%,  and  F=35.17%; 
theory  for  C,H_,NBF0: 

C=44.78%,  H=4 . 38% , N=8.70%,  B=6.72%,  and  F=35.42%. 

The  melting  point  of  the  compound  was  37-89°C  in  contrast  to 
a literature  report  of  65-68°C.^^  Likewise  the  reported 
stability  of  the  compound  on  exposure  to  air“’~*  was  found  to 
be  erroneous. 

Reaction  of  4-Methylpyrjdine-Trif luoroborane  with  4-Methyl- 
pyridine-Iodoborane 

A solution  of  1.0  M 4-methylpyridine-trif luoroborane 
and  1.0  M 4-methylpyridine-iodoborane  in  methylene  chloride 
was  reacted  for  6 hr  at  room  temperature.  The  nmr  spec- 
trum of  the  resulting  solution  was  exactly  that  expected  for 

simple  additivity  of  the  spectra  for  each  solute.  Further, 
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the  F nmr  spectrum  of  the  solution  exhibited  only  one  re- 
sonance (6=33.9  ppm,  J =11.5  Hz)  which  was  attributed  to 
unreacted  4-methylpyridine-trif luoroborane , so  that  no  evi- 
dence of  ligand-ligand  exchange  between  solutes  was  apparent. 

In  another  experiment,  a 0.33  M solution  of  4-methyl- 
pyridine-iodoborane  was  prepared  in  situ  by  the  reaction  of 
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iodine  (1.01  g,  4.00  mmole)  with  4-methylpyridine-borane 
(0.854  g,  8.00  mmole)  in  24  ml  of  benzene.  The  4-methyl- 
pyridine-boron  trifluoride  adduct  (1.29  g,  8.00  mmole)  was 
added  to  the  solution,  and  the  mixture  was  refluxed  gently 
for  4 hr.  The  reaction  mixture  was  cooled  to  room  temper- 
ature, and  after  12  hr  it  was  filtered  in  the  Dri-Lab.  The 
white  solid,  which  was  collected  by  filtration,  was  identi- 
fied as  essentially  pure  bis (4-methylpyidine) boronium  iodide 
by  comparison  of  its  nmr  (CH2C12)  and  infrared  spectra 
with  those  of  an  analytically  pure  sample.  Minor  absorptions 
due  to  an  impurity  could  be  seen  as  a shoulder  at  157  Hz  in 
the  "'"H  nmr  spectrum,  and  as  weak,  sharp  peaks  at  77  0 cm  ^ 
and  862  cm  ^ in  the  infrared  spectrum.  The  yield  of  the 
boronium  iodide  (0.245  g,  0.751  mmole)  was  9.4%  based  on 
equation  33. 

4-CH3pyBF3  + 4-CH3pyBH2I  -*•  (4-CH3py)  2BH2+I~  + BF3  (33) 

The  nmr  spectrum  of  the  filtrate  from  the  reaction  mixture 
suggested  the  presence  of  another  0.414  mmole  (5.2%)  of  un- 
precipitated boronium  iodide.  Further  workup  of  the  reaction 
mixture  verified  the  presence  of  this  quantity  of  supersatu- 
rated boron  cation  by  the  quantitative  isolation  of  the  bis- 
4-methylpyriaine) boronium  hexaf luorophosphate  from  a portion 
of  the  filtrate.  Thus,  the  total  yield  of  boronium  iodide 
on  4 hr  of  heating  was  14.6%. 

In  order  to  identify  the  unreacted  starting  materials, 
the  filtrate  was  divided  quantitatively  into  two  portions. 
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One  portion  was  evaporated  to  dryness  and  the  residue  was 

dissolved  in  methylene  chloride-  Compensating  for  the  small 

amount  of  unprecipitated  boronium  iodide  known  to  be  present 

in  the  filtrate,  the  nmr  spectrum  of  the  solution  was 

identical  to  that  of  a 50/50  mixture  of  4-methylpyridine- 
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iodoborane  and  4-methylpyridine-trif luoroborane . The  F 

nmr  spectrum  of  the  solution  contained  only  a quartet  (5= 

33.7  ppm,  J =11.5  Hz)  attributed  to  the  4-methylpyridine- 
B-F 

boron  trifluoride  adduct. 

Excess  4-methylpyriaine  was  added  to  the  other  portion 
of  the  filtrate  from  the  reaction  mixture  to  precipitate  un- 
reacted 4-methylpyridine-iodoborane  as  the  bis ( 4-methylpyri- 

49  50  . 

dine) boronium  iodide.  ' The  mixture  was  filtered  in  the 
Dri-Lab,  and  the  filtrate  was  retained  for  the  isolation  and 
identification  of  unreacted  4-methylpyridine-trif luoroborane 
(vide  infra) . The  material  precipitated  by  the  addition  of 
4-methylpyridine  was  identified  as  essentially  pure  bis  (4- 
methylpyridine) boronium  iodide  by  comparison  of  its  nmr 
(C^Cl,.,)  and  infrared  spectra  with  those  of  a pure  sample. 

The  spectra  were  identical  except  for  minor  absorptions  due 
to  an  impurity  at  160  Hz  in  the  ^H  nmr  spectrum  and  at  862 
cm  (wk,s)  in  the  infrared  spectrum.  The  weight  of  boro- 
nium iodide  collected  corresponded  to  86.4%  unreacted  4- 
methylpyridine-iodoborane  (theory  = 85.3%).  The  volume  of 
the  filtrate  was  reduced  under  vacuum  and  unreacted  4-methyl- 
pyridine boron  trifluoride  was  precipitated  by  the  addition 
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of  hexanes.  The  compound  was  identified  by  its  H nmr  (CH^Ci,,) 
and  infrared  spectra,  although  the  former  contained  a minor 
resonance  due  to  an  impurity  at  156  Hz.  The  weight  of  com- 
pound recovered  corresponded  to  59.7%  unreacted  4-methylpyr- 
idine-tr if luoroborane . 

In  comparison  experiments,  a solution  containing  0.33  M 
4-methylpyridine-iodoborane  in  benzene,  and  a separate  solu- 
tion containing  0.33  M 4-methylpyridine-iodoborane  and  0.33  M 
4-methylpyridine-borane  in  benzene  were  heated  under  identical 
conditions  as  the  solution  containing  the  iodoborane  and 
boron  trifluoride  adducts  (above) . Subsequent  workups  iso- 
lated 2.8%  and  89.2%  yields  of  bis ( 4-methylpyridine ) boronium 
iodide,  respectively.  The  products  were  identified  as  pure 
boronium  iodide  by  their  infrared  spectra.  The  benzene- 
soluble  portion  of  the  amine-iodoborane  reaction  mixture  was 
evaporated  to  dryness,  and  the  nmr  spectrum  of  the  residue 
dissolved  in  methylene  chloride  indicated  the  presence  of 
unreacted  4-methylpyridine-iodoborane  only. 

Identification  of  Supersaturated  Bis (4-methylpyridine) boro- 
nium Iodide  in  Benzene 

The  solubilities  of  the  bis ( 4-methylpyridine) boronium 
iodide  salt  in  separate  1.0  M solutions  of  4-methylpyridine- 
iodoborane  and  1.0  M 4-methylpyridine-borane  in  benzene  were 
determined  by  stirring  each  solution  in  contact  with  excess 
salt  overnight.  Integration  of  the  nmr  spectra  of  the 
saturated  solutions  indicated  a solubility  of  less  than  0.004 
M for  each  solution.  This  solubility  is  considerably  less 
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than  that  required  (0.17  K)  to  account  for  the  peak  at 
118  Hz  in  pyridine-borane/pyridine-iodoborane  solutions 
similar  to  that  illustrated  in  Figure  53.  In  an  attempt  to 
identify  the  species  absorbing  at  118  Hz,  cyclohexane  was 
added  to  a solution  of  1.0  M each  in  4-methylpyridine-iodo- 
borane  and  4-methylpyridine-borane  after  18  hr  of  reaction 
at  room  temperature  in  a glove  bag.  Before  the  addition  of 
cyclohexane  no  precipitate  was  present,  and  the  ^H  nmr  spec- 
trum of  the  solution  contained  the  peak  at  118  Hz.  After 
the  addition  of  cyclohexane  a white  precipitate  formed  and 
the  peak  at  118  Hz  in  the  nmr  spectrum  of  the  solution  had 
diminished  in  relative  area.  The  infrared  spectrum  of  the 
precipitate  was  identical  to  that  of  an  analyzed  sample  of 
bis (4-methylpyridine) boronium  iodide.  The  identification  of 
the  extraneous  ^H  nmr  peak  as  attributable  to  supersaturated 
boronium  iodide  was  supported  by  the  observation  that  precip 
itation  was  facilitated  by  seeding  of  the  reaction  mixture 
with  finely  ground  glass  or  boronium  iodide,  or  by  striking 
the  reaction  vessel.  Likewise,  the  new  species  visible  in 
a freshly  prepared  solution  of  4-methylpyridine-borane  and 
4-methylpyridine-iodoborane  in  methylene  chloride  was  identi- 
fied as  the  boronium  iodide  by  the  observed  enhancement  of 
the  absorptions  in  question  upon  the  addition  of  a quantity 
of  bis (4-methylpyridine) boronium  iodide. 

Reaction  of  Diborane  with  Bis (4-methylpyridine) boronium  lo- 
diae 


Pure,  dry  bis (4-methylpyridine) boronium  iodide  (1.00  g. 
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Figure  53.  H nmr  spectrum  of  a benzene  solution  of  4- 
methylpyridine-borane  and  4-methylpyridine-iodoborane  after 
1 hr  at  room  temperature;  [4-CH3pyBH3]  = [ 4-CH-.pyBH„I]  = 
0.500.  The  solution  also  contained  0.0984  M mesitlyene 
(o  = 130  Hz) . 


133 


3.07  mmole)  was  placed  in  a 3-neck  100  ml  flask  connected  to 
an  nmr  tube  with  one  vacuum  adapter  and  to  the  vacuum  line 
with  another.  The  flask  was  evacuated,  and  3.2  ml  of  methy- 
lene chloride  and  2.49  mmole  of  freshly  purified  diborane 
were  condensed  onto  the  boronium  iodide.  This  quantity  of 
diborane  was  sufficient  to  give  a partial  pressure  of  the 
gas  of  approximately  300  mm  if  none  of  it  dissolved.  The 
mixture  was  warmed  to  room  temperature  and  stirred  for  64  hr. 
Next  the  flask  was  tilted  to  transfer  a portion  of  the  re- 
action mixture  to  the  attached  nmr  tube  which  was  then 
sealed.  Integration  of  the  nmr  spectrum  of  the  solution 

revealed  that  only  2.5%  of  the  boronium  iodide  had  reacted. 
The  appearance  of  the  product  peaks  suggested  the  formation 
of  4-methylpyridine-borane  and  4-methylpyridine-iodoborane . 
The  former  compound  was  identified  by  the  quantitative  addi- 
tion of  4-methylpyridine-borane  directly  to  an  nmr  sample  of 
the  reaction  mixture.  The  peaks  attributed  to  4-methylpyri- 
dine-borane  increased  in  size  by  the  expected  amount  and  no 
new  peaks  were  visible.  Further  reaction  of  the  sealed  tube 
sample  for  6 more  days  at  an  estimated  pressure  of  diborane 
of  22  atm  resulted  in  the  total  consumption  of  6.0%  of  the 
boronium  cation.  The  appearance  of  a sharp  singlet  at  396  Hz 
suggested  that  some  solvolysis  had  occurred. 

In  an  identical  experiment,  the  volatile  materials  were 
removed  from  the  reaction  flask  after  38  hr  of  reaction,  the 
residue  was  dissolved  in  15  ml  of  water,  and  the  unreacted 
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boronium  iodide  was  converted  to  the  hexaf luorophosphate 

52  1 

salt.  The  H nmr  spectrum  of  the  salt  was  identical  to 
that  of  authentic  bis ( 4-methylpyridine) boronium  hexafluoro- 
phosphate  with  no  detectable  impurities  (m  p = 129.0-129.5, 
lit.  132 . 5-133 ). '^  The  quantity  of  the  boronium  hexafluoro- 
phosphate  isolated  (0.984  g,  2C6  mmole)  corresponded  to  a 
93.2%  recovery  of  unreacted  boron  cation. 

Reaction  of  4-Chloropyridine-Iodoborane  with  Tetra ( g- butyl - 
ammonium  Borohydride 

The  tetra (n- butyl) ammonium  borohydride  used  was  in  a 
mixture  with  tetra (n- butyl) ammonium  iodide  that  contained 
28%  of  the  borohydride  salt  by  weight.  ^ Solid  tetra (n- butyl ) - 
ammonium  borohydride/iodide  mixture  (0.46  g,  9.5  mmole  of 
borohydride)  was  added  to  1.0  ml  of  a 0.50  M solution  of  4- 
chloropyridine-iodoborane  in  methylene  chloride.  As  the 
borohydride  salt  was  added,  a gas  that  darkened  silver  nitrate 
paper  was  vigorously  evolved.  After  15  min  of  reaction  at 
room  temperature,  the  nmr  spectrum  of  the  solution  indi- 
cated that  92.%  of  the  amine-iodoborane  had  reacted.  After 
10  min  more,  the  amine-iodoborane  resonances  had  disappeared 
from  the  spectrum  completely.  The  only  absorbing  product 
was  identified  as  4-chloropyridine-borane  by  the  quantitative 
addition  of  a portion  of  this  compound  directly  to  the  nmr 
sample  of  the  reaction  mixture.  The  resonances  assigned  to 
4-chloropyridine-borane  increased  in  intensity  by  the  expected 
amount,  and  no  new  peaks  were  visible. 
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Ultraviolet  Spectra  of  Substituted  Pvridine-Boranes  and 
Pyridine-Iodoboranes 

Ultraviolet  spectra  were  obtained  for  some  substituted 
pyridine— boranes  and  their  monoiodinated  derivatives  in 
methylene  chloride  from  350-230  nm  for  4-methyl,  4-chloro, 
and  2,6-dimethyl  substitution.  Iodoborane  solutions  were 
prepared  by  mixing  appropriate  aliquots  of  stock  solutions 
of  the  corresponding  amine-borane  and  iodine.  A slight 
excess  (3-5%)  of  the  pyridine-borane  was  used  to  avoid 
spectral  complications  due  to  unreacted  iodine  or  tiiodide 
ion.  Precautions  necessary  to  prevent  exposure  of  the  sample 
solutions  to  light  and  air  were  taken,  and  spectra  were  ob- 
tained on  freshly  prepared  samples.  The  spectra  are  summa- 
rized in  Table  18.  In  each  case,  the  shoulders  observed  in 
the  amine-borane  spectrum  were  broadened  in  the  corresponding 
amine-iodoborane  spectrum,  and  absorption  was  generally  more 
intense  throughout  the  spectrum  of  the  iodinated  derivative. 

In  addition,  for  4— methyl  and  4-chloro  substitution,  a broad 
medium  absorption  appeared  as  a shoulder  on  the  red  side  of 
the  main  absorption  in  the  amine-iodoborane  spectrum.  No 
such  absorption  was  present  in  the  amine-borane  spectra.  A 
comparison  of  the  spectrum  of  a pyridine-borane  and  its 
iodinated  derivative  is  provided  in  Figure  54  for  the  4-chloro- 
derivative.  A similar  shoulder  was  not  readily  visible  for 
the  2,6-dimethyl  derivative,  but  a comparison  of  the  amine- 
borane  and  amine-iodoborane  spectra  suggests  its  presence. 

Ultraviolet  spectra  of  4-methylpyridine-borane  and  4- 
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Table  18 

Ultraviolet  Spectral  Date  for  Substituted 
Pyridine-Boranes  and  Pyridine-Iodoboranes' 


R in  R-py  Solvent 

R-pyBH3 

R-pyBH2I 

_ 2 

Amax (nm)  Emax  xlO 

Amax (nm) 

Emax  xlO 

4-ch3  ch2ci2 

232 

6.34 

<230 

12. 

254a 

4.23 

270 

3.7 

262 

3.61 

285^ 

2.2 

268 

2. 23 

C14 

<250 

>5.2 

<260 

>7.5 

264a 

4.03 

300b 

2.32 

270a 

2.85 

cyclohexane 

217 

5.99 

<210 

>12. 

223 

4.98 

242 

8.58 

251 

5.39 

305b 

1.81 

263a 

4.60 

4-C1  CH2C12 

243 

7.32 

239 

11.5 

260a 

5.53 

256a 

6.3 

267a 

4.37 

262a  '* 

5.15 

27  5a 

2.60 

292b 

1.65 

2 , 6-(CH3 ) 2 ch2c12 

238 

3.49 

237 

7.01 

272a 

5.02 

280 

7.75 

276 

8.26 

284 

4.48 

a Small  shoulder 

Broad  shoulder  assigned  as  a 

charge  transfer 

transition 
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Figure  54.  Ultraviolet  spectra  of  4-chloropyridine  adducts  in  methylene  chloride. 
Spectrum  A corresponds  to  1.20  x 10“4  M 4-ClpyBH  and  spectrum  B to  1.16  x 10-4  M 
4-ClpyBH„I.  Path  length  = 1 cm.  *Add  0.500  to  aBsorbance. 
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methylpyridine-iodoborane  were  also  obtained  in  carbon  tetra- 
chloride (350-250  run)  and  cyclohexane  (350-210  nm)  . The 
results  are  summarized  in  Table  18.  The  spectra  of  the 
amine-iodoborane  in  these  solvents  have  the  same  general 
appearance  as  the  spectrum  of  the  methylene  chloride  solution. 
The  broad  absorption  on  the  red  side  of  the  main  peak  is  also 
visible  in  these  solvents,  although  it  is  shifted  to  longer 
wavelength  than  in  methylene  chloride.  Figure  55  provides 
a comparison  of  the  4-methylpyridine-iodoborane  spectra  in 
methylene  chloride  and  cyclohexane. 

Verification  of  the  authenticity  of  the  4-methylpyridine-io- 
borane  spectrum 

The  absorptions  attributed  to  the  solute  in  the  ultra- 
violet spectrum  of  4-methylpyridine-iodoborane  in  cyclohexane 
were  verified  as  authentic  by  the  conversion  of  the  amine- 
iodoborane  to  the  bis (4-methylpyridine) boronium  iodide  by 
the  addition  of  4-methylpyridine . To  156  ml  of  9.57  x 10~4  M 

4-methylpyridine-iodoborane  in  cyclohexane  were  added  4.80  ml 

_ 2 

of  3.41  x 10  M 4-methylpyridine  in  cyclohexane  (10%  excess). 
The  white  precipitate  which  formed  was  isolated  by  filtration, 
washed  with  solvent,  and  dried  under  vacuum  to  give  0.0482+ 
0.0005  g (99.2+1.0%  yield)  of  pure  bis (4-methylpyridine) boro- 
nium iodide.  The  infrared  and  1H  nmr  spectra  (CH2C12)  of  the 
product  were  identical  to  those  of  an  analyzed  sample  of  the 
boronium  iodide.  The  ultraviolet  spectrum  of  the  filtrate 
from  the  isolation  of  the  salt  indicated  complete  loss  of  the 
absorptions  attributed  to  the  amine-iodoborane  including  the 
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Figure  55.  Ultraviolet  spectra  of  4-methylpyr idine-iodo- 
borane . Spectrum  A corresponds  to  a 9.70  x 10-4  M solution 
in  cyclohexane  and  spectrum  B to  a 9.63  x 10-4  solution  in 
methylene  chloride.  Path  length  = 1 mm.  *Add  0.500  to 
absorbance 


Absorbance 
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broad  shoulder  at  3 05  nm.  The  observed  spectrum  was  exactly 
that  expected  for  complete  conversion  of  the  amine-iodoborane 
to  the  boronium  salt. 

In  a similar  experiment  in  methylene  chloride,  the 
ultraviolet  spectrum  of  the  solution  resulting  from  the  ad- 
dition of  excess  (11%)  4-methylpyridine  to  a solution  of  4- 
methylpyridine-iodoborane  was  identical  to  that  of  an  authen- 
tic sample  of  bis (4-methylpyridine) boronium  iodide:  Amax  < 

233  nm,  Emax  > 2.4  x 10^;  Amax  = 246  nm,  Emax  = 1.38  x 10^; 

Amax  = 263  nm  (wk,sh),  Emax  = 7.7  x 10^;  and  Amax  = 325  nm, 

2 

Emax  = 9.0  x 10  . The  broad  absorption  at  287  nm  was  com- 
pletely removed  by  the  addition  of  4-methylpyridine. 


CHAPTER  IV 
DISCUSSION 


Identification  of  Products  and  Interpretation  of  NMR  Spectra 
When  methylene  chloride  solutions  of  a substituted 
pyridine-borane  (R-pyBH.,)  and  trimethylamine-iodoborane 
( (CH^) ^NBH^I)  were  mixed  at  or  near  room  temperature,  the 
H nmr  spectrum  of  the  resulting  freshly  prepared  mixture 
was  not  as  expected  for  simple  additivity  of  the  solute 
spectra.  For  4-methyl  substitution,  the  aliphatic  region 
of  the  spectrum  was  expected  to  exhibit  a singlet  at  148  Hz 
for  the  methyl  resonance  of  4-methylpyridine-borane , and  a 
singlet  at  169  Hz  for  trimethylamine-iodoborane.  Instead, 
a more  complicated  spectrum  was  observed  with  an  additional 
singlet  at  156  Hz.  On  further  standing,  the  peak  at  156  Hz 
increased  in  relative  intensity,  the  trimethylamine-iodo- 
borane resonance  decreased,  and  the  peak  attributed  to  the 
4-methylpyridine  aliphatic  resonance  shifted  slightly  down- 
field.  After  4-5  hr  at  35°C  the  basic  features  of  the 
spectrum  became  stable,  and  a spectrum  similar  to  that  pre- 
sented in  Figure  56  resulted.  The  aromatic  region  of  the 
spectrum  was  also  more  complicated  than  the  simple  spectrum 
anticipated  for  4-methylpyridine-borane.  Neither  of  the 
doublets  (6=438  Hz  and  503  Hz;  J=6  Hz)  expected  for  4-methyl- 
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Figure  56.  H nmr  spectrum  of  the  reaction  mixture  from 
4-methylpyridine-borane  and  trimethylamine-iodoborane 
after  5 hr  at  35°C  in  methylene  chloride;  [4-CH  pyBH-J 
[ (CH3)3NBH^I]o  =0.50.  330 
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pyr idine-borane  was  observed,  but  only  broad  resonances 
with  no  fine  structure  appeared  at  these  chemical  shifts-. 

In  addition,  two  doublets  were  seen  further  downfield  at 
448  and  516  Hz. 

The  position  and  shape  of  the  peak  at  156  Hz  were  con- 
sistent with  its  assignment  as  a resonance  of  trimethylamine- 
borane  ( (CH^ ) ^NBH^ ) , which  exhibited  an  identical  absorp- 
tion at  comparable  concentrations  in  methylene  chloride. 
Further , the  resonances  attributed  to  the  4— methylpyridine 
moiety  in  Fi.gure  56  were  similar  to  those  observed  (vide 
infra)  for  a mixture  of  4-methylpyridine-borane  and  4 -me thy 1- 
pyridine- iodoborane  in  the  same  solvent.  Consequently,  it 
is  reasonable  to  postulate  that  4-methylpyridine-borane  and 
trimethylamine-iodoborane  react  in  methylene  chloride  solu- 
tion to  produce  4-methylpyridine-iodoborane  and  trimethyl- 
amine-borane . 

4-CH3pyBH3  + (CH-^NBH^  -*  4-CH  pyBH2I  + 

(CH3)3NBH3  (34) 

Secondly,  it  appears  that  the  reaction  comes  to  equilib- 
rium, since  the  rate  of  trimethylamine-borane  formation  was 
rapid  at  first,  then  declined,  and  finally  came  to  an 
apparent  halt  after  4-5  hr. 

Both  of  these  hypotheses  were  tested  by  attempting  the 
reverse  reaction. 

4-ChT3pyBH2I  + (CH^NBh^  - 4-CH3pyBH3  + 


(CH3) 3N3H2I 


(35) 
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If  the  products  of  reaction  34  have  indeed  been  correctly 
identified,  and  the  reaction  does  in  fact  reach  equilibrium, 
then  a mixture  of  0.50  M 4-methylpyridine-iodoborane  and 
0.50  M trimethylamine-borane  should  exhibit  an  1H  nmr  spec- 
trum in  methylene  chloride  identical  to  Figure  56  after  4-5 
hr  reaction  time.  The  spectrum  of  such  a solution  was  in 
fact  identical  to  Figure  56 , so  that  the  formulation  of  a 
reversible  hydrogen-iodine  redistribution  reaction  between 
two  4-coordinate  boron  atoms  appears  to  be  valid. 

4-CH3py3H3  + (CH^NBI^I  ^ 4-CH3pyBH0I  + 

(CH3)3NBH3  (36) 

Under  comparable  conditions,  solutions  of  trimethyl- 
amine-iodoborane  and  the  borane  adducts  of  other  pyridine 
derivatives  exhibited  similar  behavior  in  the  1H  nmr 
spectra.  In  each  case,  resonances  attributed  to  the  pres- 
ence of  trimethylamine-borane  and  the  corresponding  pyridine- 
iodoborane  were  observed.  Further,  the  rate  of  appearance 
of  the  trimethylamine-borane  peak  gradually  declined  and 
finally  stopped  after  4-5  hr  at  35°C.  Thus,  it  is  evident 
that  the  reversible  hydrogen-iodine  exchange  reaction  ob- 
served for  4-methyl pyridine- borane  can  be  generalized  to 
other  pyridine-boranes  with  R=H , 4-C1,  2~CH3,  2,6-(CH3)  , 
and  2-C(CH3)3  as  well  as  4-CH3  in  reaction  37. 

R-pyBH3  + (CH3)3NBH2I  ^ R-pyBH2I  + 

(CH3)3NBH3  (37) 
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Although  the  ^H  nmr  resonances  of  the  trimethylamine- 
containing  species  in  Figure  56  are  those  expected  for  a 
mixture  of  the  amine-borane  and  the  amine-iodoborane , a 
similar  statement  cannot  be  made  for  the  4-methylpyridine 
absorptions.  A spectrum  of  a simple  mixture  of  4-methyl- 
pyridine—borane  and  4-methylpyr idine— iodoborane  should  ex- 
hibit two  partially  resolved  singlets  at  148  and  151  Kz  in 
the  aliphatic  region.  Instead,  only  one  methyl  signal  wi th- 
an intermediate  chemical  shift  (150  Hz)  is  observed  for  the 
two  solutes.  Likewise,  the  aromatic  region  of  the  spectrum 
in  Figure  56  does  not  indicate  simple  additivity  of  the 
solute  spectra.  The  downfield  portion  of  the  aromatic  spec- 
trum should  contain  two  completely  resolved  doublets  for  the 
2,6-ring  proton  resonances  of  4-methylpyridine~borane  (6= 

503  Hz,  J=6  Hz)  and  4-methylpyridine-iodoborane  (6=518  Hz, 
J=7  Hz) . Instead,  the  amine-iodoborane  doublet  is  shifted 
slightly  upfield  (5  = 516  Hz)  and  is  partially  collapsed  (J=5 
Hz) , and  the  amine-borane  resonance  has  completely  collapsed 
to  a broad  absorption  with  no  fine  structure.  A third  un- 
identified resonance  can  be  seen  further  downfield  at  523 
Hz.  Similar  observations  can  be  made  for  the  upfield 
aromatic  resonances  corresponding  to  the  3,5— ring  protons. 
The  pyridine-borane  doublet  expected  at  438  Hz  (J=6  1/2)  has 
collapsed,  the  pyridine-iodobcrane  doublet  expected  at  447 
Hz  (J=7  Hz)  is  partially  collapsed  (J=6  Hz)  and  is  shifted 
downfield  (6=449  Hz),  and  a third  unidentified  resonance 
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appears  as  a doublet  at  461  Hz  (J=7  Hz), 

The  behavior  described  above  for  the  4 -methyl pyridine 
resonances  in  the  H nmr  spectrum  of  the  reaction  mixture 
of  4-methylpyridine-borane  and  trimethylamine-iodoborane  is 
typical  of  a fresh  mixture  containing  4-methylpyridine- 
borane  and  4-methylpyridine-iodoborane.  Figures  44-C  and 
49  A illustrate  this  point  for  a freshly  prepared  solution 
with  0.50  M concentrations  each  of  the  pyridine-borane  and 
pyridine-iodoborane . In  the  downfield  region  of  the  aromatic 
spectrum,  both  of  the  doublets  expected  for  the  solutes  have 
collapsed  and  are  partially  merged  to  one  broad  absorption 
from  490-530  Hz.  Superimposed  on  this  broad  absorption  is 
a small  doublet  at  523  Hz  (J=7  Hz) . Likewise,  the  upfield 
portion  of  the  aromatic  spectrum  has  none  of  the  fine  struc- 
ture expected  for  the  absorptions  of  the  3 , 5— ring  protons 
of  the  pyridine-borane  and  pyridine-iodoborane.  Instead,  a 
broad  absorption  from  430-455  Hz  and  a small  doublet  at  462 
Hz  (J=7)  are  observed.  The  aliphatic  portion  of  the  ^H  nmr 
spectrum  of  the  same  solution  (Figure  49— A)  does  not  consist 
of  the  two  singlets  of  equal  areas  expected  at  148  and  151 
Hz  for  the  methyl  resonances  of  the  solutes.  The  observed 
spectrum  consists  of  a slightly  broadened  singlet  of  an 
intermediate  chemical  shift  (6=149  1/2  Hz) , and  a much 
smaller  singlet  at  154  Hz. 

The  broadening  of  the  aromatic  resonances,  and  the 
merging  of  the  methyl  resonances  in  this  spectrum  are  typ- 
ical phenomena  for  species  involved  in  chemical  exchange. 
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In  light  of  the  existence  of  the  exchange  reaction  observed 
between  4— methylpyridine-borane  and  tr imethylamine-iodo- 
(reaction  36)  , and  the  expected  similarity  in  the 
reactivities  of  pyridine-iodoboranes  and  trimethylamine-io- 
doborane  toward  nucleophiles,  it  is  quite  reasonable  to 
postulate  that  intermolecular  hydrogen-iodine  exchange 
occurs  between  4— methylpyridine-borane  and  4— methylpyridine— 
iodoborane . 

4-CH3pyBH3  + 4-CH3pyBH2l  4-CH3pyBH2I  + 

4-CH3pyBH3  (38) 

Sufficiently  rapid  exchange  on  the  nmr  time  scale  would 
cause  a loss  of  the  individual  identities  of  the  two  types 
of  4 -methylpyridine  rings  in  the  system.  In  the  presence 
of  rapid  exchange  the  aliphatic  region  of  the  spectrum  would 
consist  of  one  singlet  with  a chemical  shift  halfway  between 
the  positions  of  the  signals  for  the  two  exchanging  solutes 
when  they  are  present  in  equal  molar  concentrations.  This 
type  of  spectrum  is  observed  in  Figure  49-A  (6=149  1/2  Hz) , 
although  the  slight  broadening  of  the  singlet  relative  to 
the  widths  of  the  individual  solute  methyl  resonances  suggests 
bhat  the  exchange  process  is  not  quite  rapid  enough  to  cause 
a complete  merger  of  the  two  signals. 

This  analysis  predicts  that  the  aromatic  resonances  for 
the  two  types  of  pyrxdine  rings  should  be  further  from  com- 
plete merger,  since  the  differences  in  chemical  shifts  (A6) 
are  larger  than  for  the  aliphatic  resonances.  In  the  absence 
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of  exchange,  the  methyl  absorptions  of  the  individual 
solutes  are  separated  by  3 Hz , while  for  the  aromatic  reso- 
nances A5=15  Hz  and  A5=9  Hz,  respectively,  for  the  2,6-  and 
^ i 5— ring  proton  peaks . The  above  prediction  is  confirmed 
by  the  appearance  of  the  spectrum  presented  in  Figure  44-C. 
The  two  doublets  for  the  2,6-aromatic  resonances  are  par- 
tially merged.  Complete  merger  would  produce  one  doublet 
at  510  Hz  with  a peak  width  at  half  height  of  approximately 
9 Hz.  The  observed  resonance  is  a broad  absorption  from 
490-530  Hz  with  a peak  width  at  half  height  of  about  22  Hz 
with  none  of  the  fine  structure  of  a doublet.  Similar  ob- 
servations can  be  made  for  the  3,5-ring  proton  resonances. 
Consequently,  the  spectra  are  consistent  with  intermolecular 
hydrogen-iodine  exchange  (reaction  33)  with  lifetimes  of  the 
participating  species  roughly  equal  to  the  frequency  separ- 
ations (A6 ) of  their  XH  nmr  signals. 

There  are  certain  differences  in  the  features  of  the 
4-methylpyridine  resonances  in  Figure  56  compared  to  Figures 
4 9 -A  and  44-C  that  are  consistent  with  the  preceding  analysis. 
Figure  44-C  presents  the  spectrum  of  a solution  with  equal 
concentrations  of  each  solute,  whereas  the  solution  corres- 
ponding to  Figure  56  contained  a concentration  of  4 -me thy 1- 
pyridine-iodoborane  that  was  more  than  double  that  of  4- 
methylpyridine-iodoborane  (cf  Table  1) . The  aliphatic  reso- 
nance in  Figure  56  is  slightly  closer  to  the  chemical  shift 
of  4-methylpyridine-iodoborane  than  the  corresponding  absorp- 
tion in  Figure  49-A.  This  difference  is  expected  since  the 
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chemical  shift  of  the  merged  peak  should  be  halfway  between 
the  chemical  shifts  of  the  two  exchanging  solutes  if  their 
concentrations  are  equal,  and  closer  to  the  position  of  the 
more  abundant  solute  if  the  concentrations  are  unequal. 
Likewise,  the  aromatic  resonances  in  Figure  56  are  more 
characteristic  of  4-methylpyridine-iodoborane  than  those 
in  Figure  44-C. 

The  appearance  of  the  nmr  spectrum  of  an  equimolar 

mixture  of  4-methylpyridine-borane  and  4-methylpyridine-io~ 
doborane  in  methylene  chloride  (Figure  52-C)  is  also  consis- 
tent with  intermolecular  hydrogen-iodine  exchange  (reaction 
38) . The  chemical  shifts  of  the  two  separate  solutes  are 
nearly  identical,  so  that  the  individual  resonances  are  ex- 
pected to  coincide  even  in  the  absence  of  chemical  exchange. 
However,  in  the  absence  of  exchange,  spin  coupling  of  hydro- 
gen to  boron  should  be  retained  so  that  the  spectrum  of  the 
non-reacting  mixture  should  exhibit  some  fine  stucture  due 
to  spin-spin  interactions.  The  observed  spectrum  consists  of 
a singlet  with  no  fine  structure,  supporting  the  preceding 
interpretation  of  chemical  exchange  between  the  two  solutes . 

More  conclusive  evidence  for  the  existence  of  facile 
hydrogen-iodine  exchange  between  molecules  of  4-methylpyri- 
dine-borane and  4-methylpyridine-iodoborane  is  provided  by 
the  temperature  dependence  of  the  nmr  spectrum  of  a mix- 
ture of  these  solutes.  If  the  loss  of  resolution  and  par- 
tial merger  of  the  resonances  in  Figures  44-C  and  49-A  are 
in  fact  due  to  a chemical  exchange  process,  then  adequate 
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suppression  of  the  reaction  rate  should  produce  the  spectra 
expected  for  each  of  the  solutes  in  the  absence  of  exchange. 
Sufficient  deceleration  or  the  exchange  process  might  be 
accomplished  by  lowering  the  temperature  of  the  reaction 
mixture.  Low  temperature  nmr  spectra  of  an  equimolar  mix- 
ture of  4-methylpyridine-borane  and  4-methylpyridine-iodo- 
borane  in  1 , 1 , 2 , 2-tetrachloroethane  are  presented  in  Figure 
50.  As  temperature  decreases,  the  broad  absorption  of  the 
2,6-aromatic  protons  displays  some  fine  structure,  and  the 
presence  of  two  doublets  becomes  progressively  more  apparent. 
Finally,  at  -45°C,  two  doublets  with  the  chemical  shifts  and 
coupling  constants  expected  for  the  solutes  in  the  absence 
of  exchange  are  resolved.  A similar  transformation  is  evi- 
dent for  the  3,5-aromatic  resonances,  but  partial  overlap  of 
the  resolved  doublets  occurs  due  to  a smaller  value  of  A<5. 

The  effects  of  cooling  on  the  aliphatic  region  of  the  spec- 
trum can  be  seen  in  Figure  51.  As  temperature  decreases, 
the  methyl  singlet  broadens,  until  at  -48 °C  the  individual 
resonances  of  4-methylpyridine-borane  and  4-methylpyridine- 
iodoborane  are  partially  resolved.  The  attainment  of  spectra 
at  even  lower  temperatures  was  not  possible,  but  the  nature 
of  the  spectra  suggests  that  exchange  was  still  occurring  at 
-48 °C,  since  the  resolution  of  the  two  methyl  peaks  in  the 
mixture  did  not  quite  correspond  to  the  chemical  shift  dif- 
fs^snce  of  3 Hz  measured  in  solutions  of  the  separate  pure 
components.  Complete  resolution  of  the  2,6— aromatic  peaks 
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(A5=  15  Hz)  required  cooling  to  -45 °C,  and  considerably  lower 
temperatures  should  be  necessary  for  maximum  resolution  of 
the  methyl  signals  (A6  = 3 Hz)  . 

A.-*.' <•*  . .> 

The  hydrogen- iodine  exchange  reaction  that  occurs  in 
a solution  of  4-methylpyridine-borane  and  4-methylpyridine- 
iodoborane  in  methylene  chloride  was  observed  for  other  pyr- 
idine derivatives  as  well. 

* * 

R-pyBH3  + R-pyBH2I  ^ R-pyBH2I  + R-pyBH^  (39) 

The  1H  nmr  spectra  of  equimolar  mixtures  of  R-pyBH^  and 
R-pyBH2I  in  methylene  chloride  for  R=H,  4-C1,  2-CH3,  and 
2,6-(CH3)2  (Figures  45-48),  all  have  the  same  general  fea- 
tures as  described  previously  for  the  4-methyl  derivative. 

In  the  aromatic  region,  the  spectra  all  display  broadening, 
loss  of  resolution,  and  mergence  or  partial  mergence  of  the 
pyridine-borane  and  pyridine-iodoborane  resonances.  Further, 
the  aliphatic  signals  of  the  methyl-pyridine  derivatives 
are  merged  to  one  slightly  broadened  peak  for  2,6-dimethyl 
substitution,  and  are  partially  merged  for  2-methyl  substi- 
tution (Figures  49-B  and  49-C  and  Table  17) . 

One  other  feature  of  the  ^H  nmr  spectra  of  the  pyridine- 
borane/pyridine-iodoborane  solutions  is  noteworthy.  For 
each  derivative,  the  aromatic  and/or  aliphatic  region  of  the 
spectrum  of  the  freshly  prepared  mixture  contains  one  or  more 
low-intensity  resonances  not  assigned  to  either  of  the 
initial  solutes.  Further,  these  peaks  appeared  rapidly 
at  first,  and  then  the  rate  of  their  production  de- 
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creased  dramatically . * For  example,  for  the  4-chloropyri- 
dine  derivative,  the  initial  spectrum  of  the  mixture  con- 
tained two  small  doublets  (J=7  Hz)  at  473  and  545  Hz  (Fig- 
ure 48-C) . These  peaks  were  identified  unequivocally  as 
resonances  due  to  the  formation  of  (4-Cipy ) , the  bis- 

(4-chloropyridine) boronium  cation,  most  of  which  precipi- 
tated from  the  reaction  mixture  as  the  slightly  soluble 
iodide  salt.  After  conversion  of  the  compound  from  the 
iodide  to  the  hexaf luorophosphate  salt,  examination  of  its 
solubility  and  spectral  (1H  nmr  and  infrared)  properties 
established  its  identity  as  bis (4-chloropyridine) boronium 
hexaf luorophosphate,  (4-Clpy ) 2BH2+PFg  . The  properties  of 
the  salt  were  identical  to  those  of  an  analyzed  sample  of 

(4-Clpy)  2BH2+PF(-  prepared  by  the  well-documented  procedure 

49  50 

of  Ryschkewitsch,  ' wherein  the  cation  was  produced  by 
the  displacement  of  iodide  ion  from  4-chloropyridine-iodo- 
bcrane  by  4-chloropyridine.  These  results,  and  those  pre- 
sented elsewhere  (vide  infra) , verified  the  formation  of 
the  bis (4-chloropyridine) boronium  cation  in  mixtures  of  4- 
chloropyridine-borane  and  4-chloropyridine-iodoborane,  and 
permitted  the  assignment  of  the  previously  unidentified  ab~ 


* A sudden  decline  in  the  rate  of  production  of  these  peaks 
for  4-chloro  substitution  is  not  surprising  due  to  the 
limited  solubility  of  the  bis (4-chloropyridine) boronium  io- 
dide salt.  However,  the  formation  of  a saturated  solution 
cannot  account  for  similar  phenomena  observed  for  the  other 
derivatives,  since  the  corresponding  boronium  iodides  are 
quite  soluble  in  methylene  chloride. 
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sorptions  in  the  nmr  spectra  of  such  mixtures  as  reso- 
nances of  the  boronium  cation. 

The  bis  ( 4-chloropyridine)»boronium  cation  could  conceiv- 
ably be  formed  from  the  disproportionation  of  either  of  the 
solutes  present  in  the  mixture  in  a reaction  analogous  to 
the  donor-ligand  exchange  generalized  by  equation  10. 

2 4-ClpyBH3  + (4-Clpy) 2BH2+  + BH4~  (40) 

or 

2 4-ClpyBH2I  ■*  (4-Clpy)  2BH2+  + BH^"  (41) 

However,  solutions  containing  only  one  of  these  compounds  in 
methylene  chloride  failed  to  react  under  conditions  which  led 
to  extensive  boronium  cation  formation  for  a mixture  of  both 
solutes.  Thus,  it  is  evident  that  both  species  are  required 
for  boron  cation  formation. 

The  stoichiometry  of  the  reaction  was  established  by  the 
reaction  of  4-chloropyridine-borane  and  4-chloropyridine- 
iodoborane  in  benzene  in  a vacuum  system.  An  89.2%  yield  of 
the  iodide  salt  of  the  bis ( 4-chloropyridine) boronium  cation, 
and  a 76.2%  yield  of  pure  diborane  were  isolated  for  the  re- 
action mixture  based  on  equation  42. 

4-ClpyBH3  + 4-ClpyBH2I  -*•  (4-Clpy)  2BH2+l“  + 

1/2B2H6  (42) 

The  products  were  identified  unequivocally  by  comparison  of 
their  spectral  and  physical  properties  with  those  of  authen- 
tic samples,  and,  in  the  case  of  the  boronium  cation,  by 
elemental  analysis  of  the  hexaf luorophosphate  derivative. 


154 


The  discrepancy  in  the  yields  of  diborane  and  the  boronium 
iodide  was  attributed  to  the  observed  leakage  of  the  trap 
portion  of  the  vacuum  manifold  on  long  standing.  No  other 
volatile  boron  hydrides  were  formed,  in  agreement  with 
equation  42.  The  weight  of  nonvolatile  residue  from  the  re- 
action mixture  was  within  2%  of  the  amount  expected  for  the 
unreacted  starting  materials. 

It  is  expected  that  the  unidentified  absorptions  in  the 
nmr  spectra  of  the  other  substituted  pyridine-borane/pyr- 
idine-iodoborane  mixtures  (Figures  45  - 49)  are  likewise 
attributable  to  the  formation  of  the  corresponding  bis (pyri- 
dine) boronium  cations  (reaction  43),  and  further,  that  the 
iodide  salts  of  the  cations  might  be  prepared  in  a manner 
analogous  to  that  used  to  synthesize  the  bis (4-chloropyridine) - 
boronium  iodide. 

R-pyBH3  + R-pyBH2I  -*■  (R-py) 2BH2+l"  + 1/2B2H6  (43) 

The  validity  of  both  of  these  postulates  has  been  demonstrated 
for  the  4-methylpyridine  derivative.  When  solid  bis (4-methyl- 
pyridine)  boronium  iodide  was  added  to  a solution  of  4-methyl- 
pyridine-borane  and  4-methylpyridine-iodoborane  in  methylene 
chloride,  the  peaks  attributed  to  the  boronium  iodide  in 
Figures  44  and  49-A  increased  in  intensity  by  the  calculated 
amount,  and  no  new  absorbances  were  detectable.  Thus,  the 
assignment  of  these  resonances  as  absorptions  of  the  bis  (4- 
methylpyridine) boronium  cation  is  reasonable.  Further,  an 
87%  yield  of  pure  bis (4-methylpyridine) boronium  iodide  was 
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isolated  from  the  reaction  of  4-methylpyridine-borane  and 
4-methylpyridine-iodoborane  in  refluxing  benzene. 

4-CH3pyBH3  + 4-CH3pyBH2I  + ( 4-CH3py ) 2BH2+I~  + 

1/2B2H6  (44) 

The  evolved  diborane  was  identified  qualitatively  by  the 
reaction  of  the  effluent  gas  from  the  reaction  mixture  with 
4-methylpyriaine  to  form  4-methylpyridine-borane. 

The  foregoing  establishment  of  the  existence  of  reac- 
tions 39  and  43  was  prerequisite  to  the  rational  interpreta- 
tion of  the  nmr  spectra  of  the  solutions  that  result  upon 
mixing  a pyridine-borane  and  trimethylamine-iodoborane  in 
methylene  chloride  (cf  e.g.  Figure  56).  In  such  mixtures, 
hydrogen- iodine  exchange  between  pyridine  and  trimethylamine 
adducts  results  in  the  formation  of  the  pyridine-iodoborane 
which  is  then  available  for  hydrogen-iodine  exchange  with 
unreacted  pyridine-borane  (reaction  39)  and  for  boronium 
cation  formation,  again  by  reaction  with  the  pyridine-borane 
(reaction  43) . The  former  reaction  accounts  for  the  broad- 
ness, loss  of  resolution,  and  merger  of  the  pyridine  reso- 
nances generally  observed  in  the  mixtures,  and  the  latter 
reaction  accounts  for  the  minor  extraneous  resonances  that 
gradually  increased  in  intensity. 

Further  evidence  that  a pyridine-borane  exchanges  hydro- 
gen for  iodine  with  trimethylamine-iodoborane  was  provided 
by  the  isolation  of  the  bis (4-chloropyridine) boronium  iodide 
salt  from  a mixture  of  4-chloropyr idine-borane  and  trimethyl- 
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amine-iodoborane . As  mentioned  previously,  a solution  of 
4-chloropyridine-borane  alone  does  not  produce  the  boronium 
iodide,  but  the  reaction  of  a mixture  of  the  pyridine-borane 
and  the  pyridine-iodoborane  does  form  the  boron  cation 
(reaction  42).  Thus,  it  is  evident  that  iodination  of  4- 
chloropyridine-borane  occurs  in  the  presence  of  trimethyl- 
amine-iodoborane , and  the  following  reaction  sequence  to 
account  for  boronium  iodide  formation  is  quite  reasonable. 

4-ClpyBH3  + (CH3)3NBH2I  4-ClpyBH2I  + 

(CH3)3NBH3  (45-a) 


then 


4-ClpyBH2I  + 4-ClpyBH3  + (4-Clpy) 2BH2+l“  + 

1/2B2H6  (45-b) 


Consequently,  when  a pyridine-borane  is  mixed  in  solu- 
tion with  trimethylamine-iodoborane , or  when  trimethylamine- 
borane  is  mixed  in  solution  with  a pyridine-iodoborane,  three 
reactions  occur  simultaneously  (reactions  37,  39,  and  43). 
Each  of  these  reactions  must  be  considered  in  the  interpre- 
tation of  the  ‘'“K  nmr  spectra  of  the  resulting  mixtures. 


Hydrogen-Halogen  Exchange  Reactions 

Hydrogen-Iodine  Exchange  Equilibria  and  Thermochemical  Con- 
siderations 

Reaction  37  represents  the  first  reported  exchange  of 
substituents  on  boron  between  complexes  of  different  donor 
molecules.  As  such,  it  provides  a system  in  which  the 
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effects  of  altering  the  properties  of  one  donor  molecule 

can  be  investigated  while  keeping  the  other  donor  constant. 

The  presence  of  the  pyridine  ring  in  the  borane  adducts 

affords  the  opportunity  to  independently  examine  the  steric 

and  electronic  effects  on  the  exchange  equilibrium  by  the 

use  of  a variety  of  substituted  pyridine  derivatives. 

Ecruilibrium  constants  (K  ) were  determined  for  reaction  37 
- eq 

in  methylene  chloride  at  35°C  for  R=H,  4-CH3,  4-C1,  2-CH^, 

2 , 6-  (CH-. ) _ , and  2-C(CH-).,  by  the  integration  of  nmr  spec- 
•j  Z -j 

tra  of  equilibrium  mixtures  (cf  Table  1) . 

[R-pyBH2I]e[ (CH3) 3NBH3]e 


K 


(46) 


eq  [R-pyBH3le[ (CH3) 3NBH2I]e 

In  each  case,  equilibrium  with  respect  to  hydrogen-iodine 
exchange  was  attained  in  3 to  5 hr  for  approximately  one 
molar  concentration  of  each  reagent.  Nevertheless,  the  H 
nmr  spectra  of  the  solutions  changed  gradually  in  appearance 
on  longer  standing  because  of  variable  extents  of  the  reac- 
tion of  the  pyridine-borane  and  the  pyridine- iodoborane  to 


produce  boronium  iodide  salt  and  diborane  (reaction  43) . 

For  each  system,  the  extent  to  which  this  side  reaction  had 
progressed  during  the  attainment  of  hydrogen-iodine  exchange 
equilibrium  was  taken  into  account  when  calculating  the  value 
of  the  equilibrium  constant. 

Side  reaction  43  caused  shifts  in  the  positions  of  the 


hydrogen-iodine  exchange  equilibria  as  indicated  by  a grad 
ual  decrease  in  the  ratio  [ (CH3) 3NBH3] e/ [ (CH3) 3NBH2I] g for 


158 


each  system.  For  each  derivative,  the  initial  concentra- 
tions of  the  reactants  were  equal,  the  initial  concentra- 
tions of  the  products  were  zero  and  K > 1 , so  that  the 
ratio  [R-pyBH0I] e/ [R-pyBH^] e had  to  be  greater  than  one. 

Any  one-to-one  net  side  reaction  of  the  pyridine-borane  and 
the  pyridine-iodoborane  (e.g.  reaction  43)  would  then  of 
necessity  cause  an  increase  in  the  ratio  [R-pyBH2I ] / [R-py- 
BH3]e,  and  the  ratio  [ (CH^) ^NBH^] [ (CH^) ^NBH^I] e must  de- 
crease. The  observed  declines  in  the  latter  ratio  were 
consistent  with  equilibrium  expression  46,  and  with  the 
equilibrium  constants  expressed  in  Table  1. 

Table  19  lists  equilibrium  constants  (K  1 ) for  hydro- 
gen-iodine  exchange  between  4-chloropyridine-iodoborane  and 
each  of  the  unhindered  pyridine-boranes . 

R-pyBH3  + 4-ClpyBH2I  R-pyBH2I  + 4-ClpyBH3  (47) 

Equilibrium  constants  for  this  reaction  were  calculated 
from  the  Keq  s for  reaction  37  using  K£q' ,R) (R) /Keq (4_cl) 

Examination  of  Table  19  reveals  that  as  the  base 

strength  of  the  pyridine  moiety  increases,  the  equilibrium 

constants  (K  and  K ')  increase,  for  donors  with  compar- 
eq  eq 

able  steric  requirements  in  the  vicinity  of  the  boron-nitro- 
gen bond.  For  the  three  derivatives  with  no  ortho  alkyl  sub- 
stituents, base  strength  and  the  equilibrium  constants  in- 
crease in  the  order  R=4-C1<H<4-CH3 . In  reaction  47,  equi- 
librium is  favored  with  the  stronger  base  coordinated  to 
iodoborane,  and  the  weaker  base  coordinated  to  borane. 
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Table  19 

Equilibrium  Constants  for 


R 

Hydrogen- 

K of 
P a 

R-pyH+ 

-Iodine  Exchange 

K S 
eq 

K ,a 
eq 

K ,,a 

eq 

4-C1 

3 . 83b 

1.29 

1.00 

H 

5 . 17C 

2,18 

1.69 

4-CH3 

6.02° 

3,96 

3.07 

1.00 

2-CH3 

5.97C 

1.78 

0.450 

2,6-(CH3)2 

6 . 7 5C 

3.56 

0.899 

2-C(CH3)3 

5.76C 

1.89 

0.477 

a In  methylene  chloride  at  35°C 
Reference  58 

Q 

Reference  59 


160 


The  relative  acceptor  strengths  of  3X^  Lewis  acids 

toward  amines  have  been  established  as  decreasing  in  the 

series  X=I>Br>Cl>H>F  on  the  basis  of  mass  spectral  data,  nmr 

chemical  shifts,  heats  of  formation  of  amine-BX^  adducts, 

and  dipole  moment  studies. 66  Interpolation  of  this  trend 

to  mixed  acids  suggests  that  BH^I  should  be  a stronger 

acceptor  toward  amines  than  BH^ • This  notion  is  supported 

by  a relationship  established  by  Coyle  and  Stone  correlating 

acceptor  strength  to  infrared  stretching  frequencies  for 

adducts  containing  boron-hydrogen  bonds.6"''  Myers  has  used 

this  correlation  to  assign  relative  acid  strengths  to  BK^, 

6 2 

BH2C1,  and  BHX2  (X=Cl,Br,I)  toward  trimethylamine . A 
higher  boron-hydrogen  symmetric  stretching  frequency  was  in- 
dicative of  a stronger  boron-nitrogen  dative  bond,  and  con- 
sequently a stronger  Lewis  acid.  In  the  present  study,  the 
positions  of  the  infrared  absorptions  assigned  to  the  sym- 
metric boron-hydrogen  stretching  mode  for  solutions  of  2,6- 

dimethylpyridine-borane  (v  =2270  cm  '*■)  and  2 , 6-dimethylpyr- 

s 

idine-iodoborane  (vs=2430  cm  in  methylene  chloride  are 
consistent  with  a greater  acceptor  strength  for  BH2I  than 

bh3. 

As  the  base  strength  of  the  substituted  pyridine  in- 
creases, equilibrium  47  shifts  toward  R-pyBH2I  in  preference 
to  R-pyBH^.  The  observed  shifts  suggest  a greater  sensi- 
tivity for  the  stronger  acid  (BH2I)  to  changes  in  the  base 
strength  of  the  donor  (vide  infra) . That  is,  in  the  absence 
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of  steric  complications,  an  increase  in  the  donor  ability 
of  the  substituted  pyridine  favors  its  coordination  to  the 
stronger  acid. 

The  results  listed  in  Table  19  also  reveal  that  the 
positions  of  the  hydrogen-iodine  exchange  equilibria  are 
affected  by  changes  in  the  steric  requirements  of  the  pyri- 
dine molecule.  As  the  ortho  hydrogen  atoms  on  the  pyridine 
ring  are  replaced  by  methyl  groups,  the  equilibrium  con- 
stant (K  ) decreases  for  the  first  methyl  substitution,  and 
then  increases  for  the  next  methyl  substitution.  In  the  ab- 
sence of  any  steric  effects,  the  equilibrium  constant  for  2- 
methyl  substitution  should  be  the  same  as  that  for  4-methyl 
substitution,  considering  the  similarity  in  base  strength  of 
the  two  donors.  Alternatively,  the  equilibrium  constant  for 
reaction  48  (K  ")  for  2-methylpyridine-borane  should  be 
very  close  to  one  in  the  absence  of  any  steric  effects. 

R-pyBH3  + 4-CH3pyBH2I  R-pyBH2I  + 4-CH3pyBH3  (48) 


Table  19  lists  values  of  K " for  the  ortho-substituted  pyr- 

eq  r • 1 

idine  derivatives,  where  K "/T,.=K  /r^/K  , . _TT  x . 

eq  (R)  eq  (R)  eq(4-CH3) 

The  discrepancies  between  the  expected  and  observed 
values  of  the  equilibrium  constants  for  the  2-methylpyridine 
derivative  are  attributed  to  steric  interactions  of  the 
ortho  methyl  group  with  the  boron-substituents.  The  bulkier 
ortho  group  for  2-methylpyridine  should  be  more  sensitive 


to  changes  in  the  steric  requirements  of  the  boron  substituent 
than  the  relatively  small  hydrogen  atom  at  the  same  position 
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for  4-methylpyr idine . Thus,  substitution  of  iodine  for 
hydrogen  on  boron  should  lead  to  a greater  increase  in 
steric  interactions  between  the  ortho  pyridine  substituents 
and  the  acid  portion  of  the  molecule  for  2-methylpyridine 
than  4-methylpyridine . This  steric  factor  should  favor  the 
left  side  of  the  exchange  equilibria  as  written  for  the  2- 
methylpyridine  system  relative  to  4-methylpyridine  as  a 
standard.  The  observed  equilibrium  constants  are  consistent 
with  this  analysis. 

In  the  absence  of  steric  effects,  the  equilibrium  con- 
stants (Keg  and  K ")  f°r  hydrogen-iodine  exchange  should 
be  larger  for  2 , 6-dimethylpyridine  than  for  4-methylpyridine, 
due  to  the  greater  basicity  of  the  former  amine.  The  ob- 
served equilibrium  constants  are  actually  greater  for  4- 
methylpyridine . Again  the  discrepancies  can  be  attributed 
to  steric  effects  of  the  ortho  methyl  groups  in  the  2,6-di- 
methylpyridine  system.  Hcwever,  the  magnitude  of  the  steric 
effects  for  the  second  methyl  substitution  is  surprisingly 
small . 

Likewise,  the  steric  effects  of  the  ortho  t-butyl  group 
are  less  than  expected.  The  base  strength  of  2-t-butylpyri- 
dine  is  close  to  that  of  2-methylpyridine,  and  the  t-butyl 
group  is  considerably  bulkier  than  the  methyl  group.  Thus, 
an  extrapolation  of  the  steric  effects  observed  for  the  2- 
methyl  system  vs.  the  4-methyl  system  suggests  that  the 
equilibrium  constants  (K  and  K ")  for  2-t-butylpyridine 
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should  be  significantly  less  than  those  for  2-methylpyridine . 
However,  the  observed  equilibrium  constants  for  these  two 
derivatives  are  nearly  identical. 

Thus,  it  appears  that  as  a donor  2-methylpyridine  re- 
veals a small  difference  in  the  steric  requirements  of  BH^ 
and  BH2I  as  acceptors,  but  that  the  bulkier  2 , 6-dimethylpyr- 
idine  and  2-t-butylpyridine  donors  reveal  no  further  differ- 
ence. As  an  overview,  the  positions  of  the  equilibria  are 
fairly  insensitive  to  alterations  in  the  steric  environment 
of  the  pyridine  donor,  suggesting  that  the  steric  require- 
ments imposed  by  BH^  and  BH2I  toward  pyridine  donors  are 
nearly  identical. 

An  alternative,  more  quantitative  analysis  of  the  steric 
strains  in  these  systems  is  provided  by  a thermochemical 
treatment  of  the  equilibrium  data.  Reaction  37  is  typical 
of  a redistribution  reaction  in  that  the  numbers  and  types 
of  bonds  remain  constant.  If  constancy  of  bond  enthalpy 
values  could  be  assumed,  such  a reaction  would  be  thermo- 
neutral. Equilibrium  in  a thermoneutral  reaction  would  be 
governed  completely  by  entropy  changes,  and  completely  random 
distribution  of  groups  would  result.  According  to  Van 
Wazer,^  a system  which  undergoes  random  redistribution  is 
one  in  which  the  exchange  equilibria  are  entirely  entropy 
controlled  ^Hrandom=^^  ' anc^  t^ie  on-*-y  contribution  to  the 
entropy  is  that  due  to  the  rearrangement  of  the  substituents 

(AS  , ) . Deviations  from  random  behavior  are  attributable 

random 
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to  the  enthalpy  change  and/or  entropy  contributions  other 
than  ^^ran<3om-  Van  Wazer  has  demonstrated  that  in  cases 
where  the  solvent  molecules  do  not  enter  coordination 
spheres  of  the  exchanging  atoms,  contributions  to  the  entropy 
change  other  than  the  redistribution  entropy  itself  can 
be  ignored*  so  that 

AS  58  AS 

random 

in  which  case  deviations  for  randomness  of  the  equilibrium 
can  be  attributed  to  enthalpy  effects.  A quantitative 
relationship  between  the  enthalpy  of  the  exchange  reaction 
and  the  equilibrium  constant  can  be  derived  as  follows: 


AG  , = AH  , - TAS 

random  random  random 


or  since  AH  , = 0 

ranaom 


AG  , = - TAS 

random  random 


For  the  observed  equilibria,  K , =1,  and  thus  AG  , 

^ random  random 

0 and  As  , = 0 . 

random 

Since  AS  ~ AS  , , then  AS  = 0 , and  AG  =AH.  Thus, 

random 


AH  = -2.3RT  log  K 


eq 


(49) 


* Lappert  has  demonstrated  the  validity  of  this  assumption 
for  the  exchange  reactions  of  the  boron  trihalides  in  1,1- 
dichloroethane . ® 
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For  each  of  the  systems  studied  here,  K , , the 

random 

equilibrium  constant  for  a completely  random  distribution 
of  hydrogen  and  iodine  between  the  two  complexes,  is  equal 
to  one.  For  each  derivative  in  reaction  37  the  observed 
equilibrium  constant  was  not  unity,  so  that  nonrandom  ex- 
change occurred. 

The  enthalpy  of  reaction  37  for  each  substituent  was 

estimated  from  equation  49.  The  estimated  enthalpies  of 

reaction  are  listed  in  Table  20  as  (AH, ) ^ . The  tabulated 

1 R-py 

error  limits  reflect  the  uncertainties  in  the  values  of  K 


eq 


(Table  1) , but  do  not  include  any  possible  contributions 


introduced  by  the  Van  Wazer  hypothesis  (AS  ~ ASrandom) . The 

Van  Wazer  hypothesis  was  tested  for  4-methyl  substitution 

in  reaction  37.  Using  the  value  of  AH^  obtained  by  assuming 

AS  ~ ASran^om  (equation  49) , the  equilibrium  constant  ex- 

Kqn,  AH-^  . 

pected  at  0°C  was  calculated  from  log?: — = ^ ) , where 

■K-ip ^ 2 • JR  ±2 

T^=308°K  and  T2=273°K.  The  calculated  value  (4.80)  of  the 
equilibrium  constant  at  0°C  was  within  the  error  limits  of 
the  observed  value  (Table  1) , substantiating  the  validity  of 
the  Van  Wazer  assumption  within  experimental  error. 

The  enthalpies  of  reaction  for  equation  37  were  com- 
bined with  some  thermochemical  data  provided  by  Brown^  in 
a thermodynamic  cycle  to  obtain  quantitative  measurements 
of  the  steric  strains  in  the  ortho-substituted  pyridine-io- 


doboranes.  At  the  same  time,  the  relative  enthalpies  for 
heterolytic  boi'on-nitrogen  bond  cleavage  (coordinate  bond 
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enthalpies)  of  the  pyridine-iodoboranes  investigated  herein 
were  determined,  so  that  the  electronic  as  well  as  steric 
effects  on  the  boron-nitrogen  coordinate  bond  enthalpies  in 
these  compounds  could  be  examined. 

Brown  and  coworkers  have  measured  the  heats  of  reaction 
of  gaseous  diborane  with  a number  of  pyridine  derivatives . ^ ' 
For  pyridine  derivatives  with  hydrogen  in  both  ortho  posi- 
tions there  is  a linear  increase  in  the  amount  of  heat 
evolved  in  the  reaction  with  diborane  as  the  base  strength 

of  the  conjugate  acid)  of  the  amine  increases.  For 
pyridine  derivatives  with  ortho  alkyl  substituents,  the  heats 
evolved  on  reaction  with  diborane  were  less  than  expected  on 
the  basis  of  base  strength.  The  discrepancies  were  attributed 
to  strains  in  the  adducts  due  to  the  steric  interactions 
between  the  ortho  alkyl  groups  and  the  BH^  moiety.  No  anal- 
ogous studies  have  been  reported  for  the  reactions  of  a 
series  of  donors  with  a haloborane  (BK^X) , presumably  due  to 
the  inavailability  of  the  free  Lewis  acid. 

The  enthalpy  values  calculated  herein  for  reaction  37 
( AH., ) and  Brown's  data  for  the  heats  of  reaction  of  the 

a. 

corresponding  pyridine  derivatives  with  diborane  (a*^)  were 
used  to  determine  indirectly  the  relative  heats  of  reaction 
of  each  donor  with  BI^I  as  illustrated  by  the  thermochemical 
cycle  below.  All  steps  refer  to  reactions  in  methylene 


chloride  solution. 
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R~pyBH3  + 

AH2 
'J' 


R-py 

+ 


1/2B2H6 


ahx  = AH2  4 AH3  + AH4  + AH5 


The  heat  of  reaction  of  a pyridine  donor  with  iodoborane, 
AHj,  can  be  determined  indirectly  if  the  enthalpy  changes  of 
steps  1 through  4 are  known.  Values  of  AH^  are  provided  here- 
in for  a number  of  pyridine  donors.  Brown's  data  for  the 
heats  of  reaction  of  diborane  with  pyridine  donors  (-AH2) 
supply  measurements  of  AH2-  A value  of  AH^ , the  heat  of 
reaction  of  trimethylaraine  with  diborane,  can  be  inferred 

from  enthalpy  data  for  the  dissociation  of  trimethylamine- 

64 

borane  into  its  Lewis  acid  and  base  fragments.  However, 
no  data  are  available  with  respect  to  Ah3,  the  coordinate 
bond  enthalpy  for  trimethylamine-iodoborane . The  absence  of 
data  for  AH3  precludes  the  possibility  of  calculating  ab- 
solute values  of  AH^.  Nevertheless,  relative  values  of  AH^ 
can  be  determined  for  different  pyridine  donors,  and  there- 
fore substituent  effects  on  boron-nitrogen  coordinate  bond 
enthalpies  in  pyridine-iodoboranes  can  be  examined.  For  this 
purpose,  a quantity,  A (AH,-)  , is  defined  as  the  difference 

between  the  values  of  AH_  for  the  substituted  and  unsubs ti- 


3- 
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tuted  pyridine  donor. 

(AHJd  = (AKJn  - (AK,) 

5 R-py  5 R-py  5 py 

The  values  of  AH^  and  AK^  are  independent  of  substitution 
on  pyridine,  and  any  variation  in  AH  can  be  attributed  to 
variations  in  AH^  and  AH^.  From  the  thermochemical  cycle 
above 


A(AH,-)_  + A (A  H1  ) - A (A  H„  ) _ 

5 R-py  1 R-py  2 R-py 


(50) 


where  A (AH.  ) and  A(AK0)  represent  the  enthalpy  dif- 

-L  R-py  z R-py 

ferences  between  the  substituted  and  unsubstituted  pyridine 

donors  for  steps  1 and  2,  respectively.  Values  of  A(AH^)^_a^ 

and  A (AH„)  for  each  of  the  pyridine  derivatives  under 

z K-py 

investigation  are  recorded  in  Table  20. 

The  differences  in  the  solvents  and  temperatures  used 
in  Brown's  work  and  in  this  study  are  not  expected  to  be 
significant.  Brown's  enthalpy  data  refer  to  the  reactions 
of  gaseous  diborane  with  the  amine  dissolved  at  25°C  in 
nitrobenzene  to  yield  adduct  in  solution. 

1//2B2H6(g)  + R-py(^N02)  R_PyBH3  (4N02)  (51) 

The  ten  degree  temperature  difference  should  have  no  sig- 
nificant effect  on  these  reaction  enthalpies.  Step  2 in  the 
above  cycle  refers  to  reaction  to  form  diborane  dissolved  in 
methylene  chloride,  but  any  error  introduced  due  to  this 
difference  from  Brown's  work  makes  a constant  contribution 

to  AHC,  and  consequently  has  no  effect  at  all  on  A(AH_)r,  . 
o d r— py 

The  only  distinctions  then  between  step  2 and  reaction  51 
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are  the  relative  solvation  enthalpies  of  the  pyridine  and 
its  borane  adduct  in  methylene  chloride  vs.  those  in  nitro- 
benzene. These  differences  can  affect  A(AHt-)r,  only  if 

o K-py 

they  are  sensitive  to  substitution  on  the  pyridine. 
Ryschkewitsch  and  Birnbaum^  have  concluded  that  the  en- 
thalpies of  transferring  a pyridine  or  its  borane  from 

nitrobenzene  to  1-propanol  are  not  likely  to  be  sensitive 

6 6 

to  substitution  on  the  pyridine,  citing  Brown's  observa- 
tion that  the  relative  enthalpies  for  the  reaction 
py  + CH3S03H  -*■  pyH+  + CH3S03~ 

are  completely  unaffected  by  solvent  changes.  Thus,  solvent 
effects  on  step  2 of  the  cycle  are  not  expected  to  be  sig- 
nificant . 

Consequently,  the  heat  of  reaction  of  a substituted 

pyridine  with  BH^I  can  be  compared  with  that  for  pyridine 

itself  simply  by  examining  the  differences  in  AH-^  and  AH^ 

for  the  two  systems  (equation  56).  The  resulting  values  of 

A(AHr)„  for  each  derivative  are  presented  in  Table  20. 
d R-py  c 

The  tabulated  values  of  A ( AHC ) ^ allow  an  analysis  of 

steric  and  electronic  effects  on  the  boron-nitrogen  coordi- 
nate bond  enthalpy  in  pyridine-iodoboranes . For  the  ster- 
ically  similar  derivatives  (R=H,  4-CH^,  and  4-Cl) , the 
amount  of  heat  released  on  reaction  with  Bt^I  increases  as 
the  base  strength  of  the  amine  increases.  Thus,  in  the 
absence  of  steric  effects,  the  boron-nitrogen  coordinate 
bond  enthalpy  in  the  pyridine-iodoborane  adduct  increases 
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as  the  base  strength  of  the  donor  increases.  Brown  made 
similar  observations  for  other  Lewis  acids  (BK^,  BF^,  and 
BCCH^)^),  and  here,  as  in  Brown's  work,  a linear  relation- 
ship is  observed  between  relative  reaction  enthalpies  and 
K as  a measure  of  base  strength  in  the  absence  of  steric 
effects.  Figure  57  is  a plot  of  A(AH^)R_pV  for  the  unhin- 
dered pyridine  donors.  A linear  relationship  is  observed 
with  a negative  slope.  Alternatively,  the  boron-nitrogen 
coordinate  bond  enthalpy  in  pyridine-iodoboranes  increases 

linearly  as  the  K of  the  donor  increases,  for  sterically 
1 p a 

similar  donors. 

It  is  notable  that  the  slope  of  the  plot  in  Figure  57 

(-1.01  Kcal/mole  per  ^K^  unit)  is  steeper  than  that  of  an 

analogous  plot  for  -A(AH~)„  vs.  K where  the  slope  is 
5 c 2 R-py  — pa  e 

6 7 

-0.66  Kcal/mole  per  unit.  That  is,  the  boron-nitrogen 

coordinate  bond  enthalpy  increases  more,  for  a given  change 
in  base  strength  of  the  donor,  for  pyridine-iodoboranes  than 
pyridine-boranes . As  a Lewis  acid,  Bf^I  is  more  sensitive 
to  changes  in  base  strength  of  the  donor  than  is  BH^ . In 
this  respect,  BH^I  is  intermediate  in  behavior  between  BH^ 
and  the  proton.  A plot  of  A (AH)-.  for  the  reaction  of 
pyridines  with  methanesulfonic  acid 

R-py  + CH3S03H  R-pyH  + CH3S03” 

66  67 

has  a slope  of  -1.5  Kcal/mole  per  K unit.  ' This 

P ^ 

suggests  that  Bt^I  may  have  some  "protonic  character"  in  these 
adducts  that  BH3  does  not  possess. 


This  character  may  exist 
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a 


Figure  57.  Relationship  between  the  strengths  of  pyridine 
bases  and  their  relative  heats  of  reaction  with  iodoborane. 
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as  a more  compact  acceptor  orbital  involved  in  the  dative 
bending  to  BH2I,  and/or  more  partial  positive  charge  on  the 
boron  atom  in  BH0I  than  in  BH^. 

The  position  of  equilibrium  47  can  be  readily  inter- 
preted in  terms  of  the  relative  sensitivities  of  BH^  and 
BH2I  to  changes  in  base  strength.  Reaction  to  the  right 
can  be  envisioned  as  a change  in  coordination  of  BH^  from  the 
stronger  base  to  the  weaker  base  (an  endothermic  process) , 
accompanied  by  a change  in  coordination  of  BH2I  from  the 
weaker  base  to  the  stronger  base  (an  exothermic  process) . 

Since  BHpI  is  more  sensitive  to  changes  in  base  strength 
than  BH^,  the  enthalpy  decrease  realized  by  the  latter  trans- 
formation more  than  compensates  for  the  enthalpy  increase  of 
the  former.  Thus,  reaction  to  the  right  is  exothermic,  and 
since  K ' is  proportional  to  -AH  of  reaction  47,  the  equi- 
librium constant  is  greater  than  one.  Equilibrium  is  favored 
with  the  stronger  base  coordinated  to  BH2I.  More  quanti- 
tatively, for  4-methylpyridine  and  4-chloropyridine  in  equa- 
tion 47,  there  is  a difference  of  approximately  2.2 
units  in  base  strength.  Based  on  the  slopes  of  the  A(AH2)^_pV 

and  A(AHc)t,  plots  (-0.66  and  -1.01  Kcal/mole  per  K unit, 

5 R-py  '-pa 

respectively) , reaction  to  the  right  should  have  an  enthalpy 
change  of  approximately 


) (-2 . 2 K units)  + 


(-1.0  (2.2 


K units)  = -0.7 
p a 


Kcal 


K unit 
p a 


mole 
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This  value  is  in  good  agreement  with  the  enthalpy  difference 
calculated  from  the  observed  equilibrium  constant  (K  ' = 

TC  p ^ "1 

3.07)  and  equation  49  (Ah  = -0.69  — -yy)  . 

Steric  effects  on  the  boron-nitrogen  coordinate  bond 
enthalpies  in  pyridine-iodoboranes  can  be  ascertained  by 
further  examination  of  Figure  57.  It  is  apparent  that  the 
data  points  for  the  pyridine  derivatives  with  ortho  alkyl 
substituents  lie  above  the  plot  defined  by  the  unhindered 
donors.  For  these  amines,  the  heat  liberated  on  reaction 
with  BH2I  is  less  than  expected  on  the  basis  of  base  strength. 
Alternatively,  the  boron-nitrogen  coordinate  bond  enthalpies 
in  those  pyridine-iodoborane  adducts  are  less  than  expected. 
Brown  made  similar  observations  for  plots  of  -A(AH2)R_py  vs. 

K , and  he  attributed  the  discrepancies  to  steric  interac- 
p a 

tions  between  the  ortho  ring  substituents  and  the  BH^  moiety. 
For  each  ortho- substituted  pyridine,  the  vertical  distance 
by  which  the  data  point  lay  above  the  plot  determined  by  the 
unhindered  pyridines  was  defined  as  the  strain  in  the  adduct. 

A similar  definition  is  employed  here.  From  Figure  57  it  is 
apparent  that  the  strains  observed  here  for  the  ortho-sub- 
stituted pyridine-iodoboranes  are  1.7,  2.  9 , and  6.3  Kcal/mole, 
respectively,  for  2-methyl,  2,6-dimethyl  and  2-t-butyl  sub- 
stitution. Table  21  provides  a comparison  of  these  strains 
with  those  determined  by  Brown  for  other  Lewis  acids. 

The  difference  in  the  strains  of  2-methylpyr idine  with 
BH3  and  BH2I  (0.4  Kcal/mole)  correlated  closely  with  the 
observed  discrepancies  of  the  exchange  equilibrium  constants 


Table  21 

Strains  in  Ortho- Substituted  Pyridine  Adducts  with  Boron  Lewis  Acids 
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f K and  K ")  for  2-methylpyridine-borane  vs.  4-methylpvr- 
' eq  eq 

idine-borane.  The  slightly  greater  strain  in  2-methylpyr- 
idine-iodoborane  vs.  2-methylpyridine-borane  forces  the  equi- 
libria to  the  left  relative  to  their  positions  for  the 
4-methylpyridine  system  as  an  unstrained  standard.  Similar 
observations  can  be  made  for  the  2 , 6-dimethylpyridine  and 
2-t-buty lpyridine  systems,  in  that  the  degree  to  which  the 
exchange  equilibria  are  shifted  to  the  left  relative  to  the 
unstrained  derivatives  can  be  correlated  with  the  difference 
in  strain  for  the  corresponding  pyridine-borane  and  pyridine- 
iodoborane . 

Thus,  the  relative  positions  of  exchange  equilibria  37, 
47,  and  48  can  be  interpreted  in  terms  of  the  relative  sen- 
sitivities of  borane  and  ioaoborane  to  changes  in  the  elec- 
tronic and  steric  properties  of  the  pyridine  donor  molecules. 

The  most  striking  feature  of  Table  21  is  actually  the 
remarkable  similarity  of  the  strains  in  BH3  and  BH2I  adducts 
with  the  same  donors.  More  strain  might  be  expected  between 
BH2I  and  ortho  alkyl  groups  than  with  BH^,  due  to  the  larger 
size  of  the  iodine  atom  vs.  the  hydrogen  atom.  However,  the 
observed  differences  in  strain  for  BH2I  vs.  BH^  are  small  for 
all  three  ortho- substituted  pyridines.  An  explanation  of 
this  unexpected  similarity  in  strains  is  offered  in  the 
following  conformational  analysis. 

For  a pyridine  donor  complexed  to  an  unsymmetrical  ac- 
ceptor, BX2Y,  the  most  favorable  conformation  would  be  one 
which  allows  maximum  separation  of  the  bulkiest  boron  substi- 
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tuent  (Y)  from  the  ortho  ring  positions.  As  illustrated  in 
Figure  58,  this  conforraer  would  have  a dihedral  angle  (a)  of 
90°  between  the  plane  defined  by  the  boron*  nitrogen  and  Y 
atoms  and  the  plane  of  the  pyridine  ring.  Actually,  this 
conformation  is  probably  also  favored  for  adducts  of  symmet- 
rical acids,  BX^,  since  it  allows  minimal  eclipsing  between 
substituents  on  boron  and  the  ortho  ring  positions.  For 
the  pyridine  adducts  of  the  unsymmetr ical  acid,  BP^I,  the 
iodine  atom  would  occupy  position  Y,  above  the  plane  of  the 
aromatic  ring.  In  this  conformation,  there  is  virtually  no 
steric  interaction  between  the  iodine  atom  and  ortho  alkyl 
groups,  even  for  the  bulky  2-t-butyl  substituent.  The  effects 
of  increasing  the  steric  bulk  of  the  ortho  ring  substituents 
are  experienced  only  by  the  hydrogen  atoms  on  boron.  Positions 
X in  Figure  58  are  partially  eclipsed  by  the  ortho  ring  sub- 
stituents and  are  consequently  sensitive  to  changes  in  the 
steric  requirements  of  these  groups.  Since  a similar  confor- 
mation is  expected  for  pyridine-boranes , borane  and  iodoborane 
are  sterically  identical  with  respect  to  pyridine  donors,  as 
long  as  the  iodine  atom  in  BH^I  resides  above  the  plane  of 
the  ring  at  position  Y. 

By  contrast,  in  Brown's  studies  the  strains  in  the  pyr- 
idine-BX3  adducts  increased  regularly  as  the  steric  bulk  of 
the  boron  substituents  increased.  However,  in  these  inves- 
tigations all  of  the  acids  employed  were  symmetrical.  That 
is,  progressing  from  one  acid  to  another,  all  three  boron 


Figure  58.  View  of  a pyridine  adduct  of  an  unsymmetrical 
boron  Lewis  acid  (BX2Y)  along  the  boron-nitrogen  bond  axis. 
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substituents  were  altered.  Thus,  the  bulk  of  the  two  sub- 
stituents on  boron  eclipsing  the  ortho  ring  positions  were 
altered  as  well  as  that  of  the  substituent  on  boron  above 
the  plane  of  the  ring.  Consequently,  variations  in  strain 
with  substitution  on  boron  were  unavoidable. 

In  summary,  it  appears  that  the  following  conclusions 

can  be  drawn  with  respect  to  the  relative  acceptor  abilities 

of  BH^  and  Bt^I  toward  pyridine  donors.  Electronically,  BH^I 

is  a stronger  acid  than  BH^  since  it  is  more  sensitive  to 

changes  in  the  base  strength  of  the  donor.  The  enhanced 

sensitivity  of  Bt^I  might  reflect  a more  positive  boron  atom 

or  a less  diffuse  bonding  orbital  than  for  BH^ . Sterically, 

BH2I  and  BH^  are  very  similar  in  their  acceptor  properties, 

even  toward  bulky  pyridine  donors.  Consequently,  considering 

steric  and  electronic  effects,  BF^I  is  a stronger  acid  toward 

pyridine  donors  than  BH^.  This  conclusion  is  consistent  with 

the  observed  greater  acidity  of  BI^  vs. BH^  toward  amine  donors 

63  67  68 

In  a number  of  publications,  ' ' Brown  and  coworkers 

have  successfully  correlated  the  observed  strains  in  pyridine 
adducts  with  BH^  and  BCCH^^  with  those  in  homomorphic  organic 
compounds.  Homomorphs  are  molecules  having  the  same  or  close- 
ly similar  molecular  dimensions.  Since  the  dimensions  and 
geometry  of  the  boron-nitrogen  bond  in  amine-boranes  are  near- 
ly identical  with  those  of  a carbon-carbon  single  bond,  amine- 
boranes  are  homomorphs  of  hydrocarbons.  For  example,  2-t-butyl 
pyridine-borane  is  a homomorph  of  o-t-butyltoluene . Brown 
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has  presented  considerable  data  supporting  the  postulate  that 
the  strains  observed  in  boron-nitrogen  addition  compounds 
are  also  present  in  related  organic  molecules  of  similar 
sizes  and  shapes,  and  that  the  strains  profoundly  modify  the 
chemical  behavior  of  these  substances.  The  strained  pyridine- 
iodoborane  derivatives  investigated  here  are  homomorphs  oi 
ortho-substituted  benzyl  iodides.  The  analysis  presented 
here  for  pyridine-iodoboranes  offers  the  opportunity  to 
judge  the  chemical  behavior  of  these  organic  compounds  Quali- 
tatively , and  perhaps  quantitatively,  in  terms  of  the  strains 
they  are  believed  to  contain  by  analogy  with  their  inorganic 
homomorphs . 

Kinetics  of  Hydrogen-Halogen  Exchange 

The  observation  of  facile  hydrogen-iodine  exchange  be- 
tween a py r idine-borane  and  trimethy lamine— iodoborane  (reac- 
tion 52)  offered  the  opportunity  for  the  first  rate  study  of 
a redistribution  process  between  two  saturated  boron  atoms, 
and  the  first  mechanistic  study  of  any  type  for  the  exchange 
of  substituents  between  two  neutral  boron  complexes. 

R-pyBH3  + (CH3)3NBH2I  + R-pyBH2I  + (CH3)3NBH3  (52) 

The  system  also  appeared  suitable  for  testing  the  hypothesis 
that  exchange  of  substituents  between  two  coordinatively 
saturated  boron  atoms  can  occur  only  via  predissociation 
to  a trigonal  boron  species. 

In  order  to  gain  some  pertinent  data  with  respect  to 
the  mechanism  of  hydrogen-halogen  exchange  at  four-coordinate 
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boron,  a kinetic  study  of  reaction  52  was  conducted.  The 
rate  law  for  the  reaction,  which  describes  the  dependence  of 
rate  on  reactant  concentrations,  is  expected  to  be  of  the 
form 

-dtR-pyBH^l  +d  [ (CH-j)  ^NBK^] 

rate  (V)  = = 

dt  dt 

k[R-pyBH3]m[ (CH3) 3NBH2I]n  (53) 

where  m and  n,  the  order  of  the  reaction  with  respect  to  reac- 
tant concentrations,  are  expected  to  be  small  positive  inte- 
gers, and  k,  the  reaction  rate  constant,  is  a proportionality 
constant  that  relates  the  rate  of  the  reaction  to  the  concen- 
trations of  the  reactants.  The  rate  of  disappearance  of  a 
reactant  in  equation  52  is  equal  to  the  rate  of  appearance 
of  a product,  and  is  expected  to  be  proportional  to  integral 
powers  of  reactant  concentrations  at  a constant  temperature. 
Taking  the  logarithms  of  each  side,  equation  53  becomes 
log  V = log  k + log [ R-py BH 3 ] m + log [ (CH3 ) 3NBH2I ] n , or 

log  V = log  K + m log  [R-pyBH3 ] + n log  [ (CH3)  3NBH2I]  (54) 

Since  n is  a constant,  then  equation  54  reduces  to 

log  V = m log(R-pyBH3]  + constant  (55) 

where  constant  = log  k + n log  [ (CH3)  3NBH2I],  if  log  [ (CH3)  3BNH-|E3 
is  also  a constant.  Consequently,  m,  the  order  of  the  re- 
action with  respect  to  the  pyridine-borane , can  be  determined 
by  measuring  variations  in  V as  [R-py3H3]  is  altered  at  con- 
stant [ (CH3) -NBH2I] . A log-log  plot  of  the  resulting  data 
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should  have  a slope  equal  to  m.  Likewise,  a similar  equa- 
tion can  be  derived  relating  log  V to  log  [ (CH^)  ^NBf^I ] at 
constant  pyridine-borane  concentration 

log  V = n log [ (CH^) + constant'  (56) 

where  constant'  = log  k + m log [R-pyBH^ ] , and  n can  be 
determined  from  the  slope  at  a plot  of  log  V vs.  logtCCH^)^- 
NBH2I] . Thus,  the  order  of  reaction  52  with  respect  to 
each  reagent  can  be  determined  by  measuring  variations  in  the 
instantaneous  rate  (V)  of  the  reaction  as  the  concentration 
of  one  reactant  is  altered  at  some  constant  concentration  of 
the  other  reagent. 

The  order  of  reaction  52  with  respect  to  each  reagent 
was  determined  for  pyridine-borane  in  methylene  chloride  at 
35 °C  from  plots  of  trimethylamine-borane  concentration  vs . 
time  (Figures  1-7).  Each  figure  represents  one  run  with 
unique  initial  concentrations.  The  concentration  of  tri- 
methylamine-borane at  each  time  was  determined  by  integration 
of  the  nmr  spectra  of  the  reaction  mixtures.  Each  re- 
action was  examined  sufficiently  far  from  equilibrium  (re- 
action 37)  that  the  effects  of  the  reverse  reaction  on  the 
kinetic  analysis  could  be  ignored.  Even  for  those  runs  which 
proceeded  to  40%  reaction  based  on  the  limiting  reagent, 
the  rate  of  the  reverse  reaction  was  never  more  than  0.03 
times  that  of  the  reaction  under  investigation. 

The  instantaneous  rate  (V)  of  the  reaction  at  any  point 
on  the  concentration  vs.  time  plot  is  the  slope  of  the  tan- 
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gent  to  the  curve  at  that  point.  The  concentrations  of  the 
reactants  corresponding  to  any  point  of  tangency  can  be 
found  directly  from  the  trimethylamine-borane  concentration 
according  to  the  stoichiometry  requirements  of  reaction  52. 

[pyBH3]  = [pyBH3lo  - [(CH^NBf^]  (57) 

and 

[ (CH3) 3NBH2I]  = [ (CH3) 3NBH2I]  - [(CH3)3NBH3]  (58) 

In  Figures  1 through  7,  rates  were  determined  from  the  slopes 
of  tangents  at  trimethylamine-borane  concentrations  of  0.050 
M.  In  each  of  the  runs  represented  by  Figures  1 through  4, 
the  initial  concentration  of  trimethylamine-iodoborane  was 
constant  (0.50C  M) , and  therefore  the  concentration  was  con- 
stant (0.450  M) . However,  for  each  of  these  runs,  the  ini- 
tial concentration  of  pyridine-borane  was  different,  so  the 
concentration  of  pyridine-borane  at  the  point  of  tangency 
was  unique,  and  any  variation  observed  in  V can  be  attributed 
to  dependence  on  pyridine-borane  concentration.  Figure  8 
represents  a plot  of  log  V vs.  log[pyBH3]  at  the  points  of 
tangency.  According  to  equation  55,  the  line  has  a slope 
(1.03)  equal  to  m,  the  order  of  the  reaction  with  respect  to 
pyridine-borane . 

A similar  analysis  was  employed  to  determine  n,  the 
order  with  respect  to.  trimethylamine-iodoborane,  from  runs 
with  constant  initial  concentrations  of  pyridine-borane 
(0.500  M)  and  variable  initial  concentrations  of  trimethyl- 
amine-iodoborane (Figures  1,  and  5-7).  The  slope  (1.04)  of 
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the  corresponding  log  V vs.  log [ (CHO ^NBH«I]  plot  in  Figure 
9 is  equal  to  n. 

Assuming  integral  values  only  for  m and  n it  is  apparent 
that  the  reaction  is  first  order  with  respect  to  each  re- 
agent. 


Thus  equation  53  may  be  rewritten  as 

rate  (V)  = ^ = k (a  -x)  (b  -x) 
dt  Z o o 


(59) 


where  x is  the  concentration  of  product,  aQ  is  the  initial 
concentration  of  trimethylamine-iodoborane , and  k 2 is  the 
second  order  rate  constant.  This  expression  can  be  inte- 
grated by  separating  the  variables.  If  aQ  f bQ  the  inte- 


grated rate  expression  is 
1 


k2t  = 


In 


b (a  -x) 
o o 


a -b 
o o 


a (b  -x) 
o o 


(60) 


and  if  aQ  = bQ , the  integrated  rate  expression  is 


k2t  = (61) 

a (a  ~x) 
o o 

In  either  case,  it  is  apparent  that  a plot  of  the  right  side 
of  the  equation  vs_.  time  (t)  will  be  linear  with  a.  slope 
equal  to  k2,  the  second  order  rate  constant.  Such  plots  are 
referred  to  as  second  order  plots,  and  the  determination  of 
rate  constants  and  the  substantiation  of  reaction  orders  by 
use  of  these  plots  are  known  as  the  integral  graphical  method 
of  analysis.  Figures  10  through  16  are  second  order  plots 
for  the  kinetic  runs  presented  in  Figures  1 through  7. 
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Several  features  of  the  second  order  plots  suggest 
that  the  rate  law  proposed  in  equation  59  is  correctly 
formulated  over  the  extent  of  reaction  examined.  First, 
the  data  points  generally  adhere  closely  to  the  least  squares 
plot  with  no  observable  drift  and  little  scatter.  The 
narrow  range  of  the  95%  confidence  limits  for  the  slope 
(Table  4)  reflect  this  degree  of  precision.  Secondly,  each 
of  the  plots  passes  through,  or  very  nearly  through,  the 
origin.  Finally,  the  slopes  (second  order  rate  constants) 
of  the  seven  plots  are  within  good  agreement  of  one  another 
with  a relative  standard  deviation  (Sr)  of  5.5%  The  rate 
law 

rate  = k2  [R-pyBH3 ] [ (CH3 ) 3NBH2I ] (62) 

is  applicable  for  pyridine-borane  in  methylene  chloride  with 
-4  -1  -1 

k2  = 6.69  x 10  M sec  at  35°C.  It  must  be  remembered, 
however,  that  this  rate  law  will  become  invalid  as  the  ex- 
change reaction  approaches  equilibrium.  A more  rigorous 
treatment  accounting  for  opposing  second  order  reactions 
must  be  used  to  describe  the  kinetics  of  the  reaction  near 
equilibrium  (see  reference  69  for  more  details) . 

Kinetic  runs  were  also  conducted  for  substituted  pyri- 
dine-borane derivatives  in  reaction  52  for  4-methyl,  4-chioro, 
2-methyl,  2,6-dimethyl,  and  2-t-butyl  substitution  at  35°C 
in  methylene  chloride.  Again  integrated  nmr  spectra  were 
used  to  follow  changes  in  concentration  with  time.  Figures 
20  through  29  present  second  order  plots  of  duplicate  runs 
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for  each  derivative.  The  least  squares  plots  all  pass 
through  or  near  the  origin,  and  their  slopes  have  narrow 
95%  confidence  limits,  indicating  that  a second  order  rate 
law  is  also  applicable  for  the  substituted  pyridine  systems. 
The  results  of  the  least  squares  analysis  are  presented  in 
Table  5.  Table  6 lists  the  average  second  order  rate  con- 
stant for  two  or  more  runs  for  each  pvridine-borane  investi- 
gated. Included  are  values  of  k_2  for  the  reverse  reaction 


constant  for  the  hydrogen-iodine  exchange  reaction  (reaction 
37).  The  most  notable  feature  of  the  results  summarized 
in  Table  6 is  the  similarity  in  the  magnitude  of  the  second 
order  rate  constants  for  all  of  the  pyridine  derivatives 
investigated . 

Although  no  systematic  investigation  of  the  temperature 
dependence  of  reaction  52  was  undertaken,  estimates  of  the 
activation  parameters  were  made  for  4-methyl  substitution 
using  an  Arrhenius  relationship  and  the  second  order  rate 
constants  at  35°C  and  0°C.  The  activation  enthalpy  and  en- 
tropy were  approximated  as  13  Kcal/mole  and  -31  cal/mole  deg 
respectively,  at  35°C. 

A second  order  rate  constant  was  estimated  for  reaction 
64  in  which  hydrogen  and  iodine  are  exchanged  between  two 
complexes  with  the  same  donor  moleucle. 


R-pyBH2I  + (CH3)3NBH3 >R-pyBH3  + (CH3) 3NBH2I 


(63) 


calculated  from  k_2=^2//'Kec' 


where  K is  the  equilibrium 
eq 
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Since  the  reactant  and  products  are  identical,  the  method 
of  nmr  integration  used  for  determining  the  rate  para- 
meters of  reaction  52  could  not  be  employed  here.  Instead, 
the  previously  described  temperature  dependence  of  the  1H 
nmr  spectrum  of  a mixture  of  4-methylpyridine-bora.ne  and 
4-methylpyridine-iodoborane  was  employed.  If  the  loss  of 
resolution  observed  at  room  temperature  is  in  fact  due  to 
a chemical  exchange  process,  then  at  the  temperature  at 
which  the  2,6-aromatic  multiplets  in  Figure  50  have  just 
broadened  to  a single  resonance  (approximately  16 °C) , the 
average  residence  time  ( x ) for  one  of  the  2,6-ring  protons 
at  a given  site  is  /2/ttJ.70  Since  J is  equal  to  7 Hz  for 
the  2,6-aromatic  resonances  of  4-methylpyridine-iodoborane, 
t is  approximately  equal  to  0.064  sec.  By  analogy  with 
reaction  52,  the  exchange  process  here  is  expected  to  be 
first  order  in  each  reactant.  Then,  since  both  solutes  were 
present  in  equal  concentrations,  the  mean  lifetimes  at  each 
type  of  site  were  equal71  and 

Y = k2 [4-CH3pyBH3]  = k2  [4-CH3pyBH2I]  (65) 

From  reaction  65,  and  the  approximate  average  residence  time 
(0.064  sec),  k2  was  estimated  as  3 x 101  M 1 sec  1. 

Assignment  of  some  relative  rates  of  reaction  66  were 
made  by  comparing  the  ambient  temperature  1H  nmr  spectra  of 
the  pyridine-borane/pyridine-iodoborane  mixtures  (Figures 
44  - 49) . 

* * 

R-pyBH3  + R-pyBH2I  ->  R-pyBK2I  + R-pyBH3 


(66) 
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For  similar  values  of  A6  (A 6 = SR_pyBH2I  ' ^P.-pyBHj1  ' and 
similar  coupling  constants  of  the  same  resonance  for  two 
different  pyridine  derivatives,  a greater  extent  of  broaden- 
ing and  mergence  of  the  individual  signals  implies  a faster 
rate  of  exchange . ^ ^ For  pyridine,  4-methylpyridine , 4- 
chloropyridine , and  2-t-butylpyridine,  the  values  of  AS  and 
J for  the  2,6-aromatic  resonances  are  similar  (Tables  15 
and  16).  Examination  of  Figures  44,  45  and  48  and  the  cor- 
responding spectrum  for  2-t-butylpyridine  (not  shown) , in- 
dicate that  the  degree  of  collapse  and  mergence  at  comparable 
concentrations  increases  in  the  order  4-Cl<H~2-C  (CH^)  , 

suggesting  a similar  order  for  the  rate  of  hydrogen-iodine 
exchange . 

The  information  presented  in  Table  17  and  Figure  49 
permit  some  discussion  of  the  relative  rates  of  reaction  66 
for  the  methyl  substituted  derivatives.  Similar  extents  of 
methyl  peak  coalescence  for  two  systems  with  different  values 
of  A6  implies  a faster  rate  of  exchange  for  the  derivative 
with  the  larger  A6.  For  2 , 6-dimethylpyridine , AS  (7Hz)  is 
greater  than  for  4-methylpyridine  (AS  equal  to  3 Kz) , yet  both 
systems  exhibit  similar  degrees  of  coalescence.  Consequent- 
ly, it  appears  that  the  exchange  rate  is  greater  for  the 
2 , 6-dimethylpyridine  system  than  the  4-methylpyridine  system. 
The  methyl  resonances  for  2-methylpyridine  are  partially 
merged  (Figure  49-C) , but  AS  (9Kz)  is  greater  than  for  the 
other  methyl  derivatives,  so  that  relative  rate  is  difficult 
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to  assign  for  this  derivative.  For  the  other  systems,  the 
spectra  suggest  the  following  order  for  the  relative  rates 
of  reaction  66 

R = 4-C1  < H ~ 2-C(CH3)3  < 4-CH3  < 2,6-(CH3)2 
although  these  assignments  are  made  with  some  reservations 
considering  the  method  of  analysis  employed. 

Perhaps  the  more  significant  point  to  be  noted  for  the 
relative  exchange  rates  (reaction  66)  is  not  the  differences 
in  rates,  but  rather  the  similarity  in  the  rates  for  all  the 
pyridine  derivatives  examined  in  spite  of  considerable  al- 
terations in  the  steric  and  electronic  properties  of  the 
donor  molecule  in  the  amine-borane  and  amine-iodoborane 
molecules.  In  all  cases,  the  spectra  have  partially  col- 
lapsed and  merged,  and  since  the  frequency  separations  of 
R-pyBH3  and  R-pyB^I  are  all  of  the  same  order  of  magnitude, 
the  exchange  rates  are  all  of  the  same  order  of  magnitude. 

For  each  substituent,  the  rate  of  hydrogen-iodine  exchange 
corresponds  to  average  lifetimes  roughly  equal  to  the  ob- 
served frequency  separations  of  the  pyridine-borane  and  pyr- 
idine-iodoborane  resonances,  with  second  order  rate  constants 
of  approximately  10J'  M ~ sec  ^ . Thus  it  appears  that,  as 
noted  previously  for  reaction  52,  the  rate  of  reaction  66 
is  relatively  insensitive  to  substituent  changes  on  the  pyr- 
idine donor  molecule. 
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Me c h anism  of  Hydrogen-Halogen  Exchange 

Several  mechanisms  could  be  proposed  for  the  hydrogen- 
iodine  exchange  reaction  between  two  four-coordinate  boron 
atoms 

AmineaBH3  + AminebBH2I  AmineaBH2I  + AminebBH3  (67) 

Any  acceptable  mechanism  must  be  consistent  with  the  experi- 
mental rate  la w,  substituent  effects,  and  other  empirical 
data  to  be  discussed  subsequently,  and  should  be  compatible 
with  the  known  chemistry  of  analogous  systems.  Two  general 
classifications  of  mechanisms  will  be  considered,  based  on 
whether  the  exchanging  bonds  to  boron  are  broken  and  formed 
in  a synchronous  or  stepwise  fashion.  In  the  first  of  these 
schemes,  which  will  be  referred  to  as  dissociative,  reaction 
is  initiated  by  the  cleavage  of  one  of  the  four  bonds  to 
one  (or  both)  of  the  boron  atoms  involved  in  the  exchange. 

The  second  category,  which  is  a nondissociative  scheme,  pro 
ceeds  without  cleavage  of  a bond  to  boron  in  a preliminary 
step,  and  thus  requires  the  collision  of  two  molecules 
with  coordinatively  saturated  boron  atoms  in  the  rate— deter- 
mining step. 

Dissociative  processes  can  be  divided  into  two  catego- 
ries. First,  there  are  those  initiated  by  cleavage  of  the 
dative  boron-nitrogen  bond 

i i / c p 

AmineB-  ->  Amine:  + B- 

i i 

The  amine-borane , the  amine-iodoborane , or  both  species  might 
be  involved  in  this  dissociation.  Secondly,  a boron-hydrogen 
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or  boron-iodine  bond  might  be  cleaved  in  a preliminary 
dissociative  step: 


i i 


AmineB-Y 

i 

-*■  AmineB*  + *Y 

i 

(69) 

i 

AmineB-Y 

i 

i + 

AmineB  + :Y 

i 

(70) 

Amine^-Y 

-*■  Aminei  : + Y+ 

(71) 

i i 


where  Y is  equal  to  H or  I . As  suggested  by  these  equations, 
the  B-Y  bond  could  be  broken  in  one  of  three  fashions ; homo- 
lytic  cleavage,  heterolytic  cleavage  to  form  a positively 
charged  boron  fragment,  and  heterolytic  cleavage  to  form  a 
negatively  charged  boron  fragment.  Considering  the  relative 
electronegativities  of  B and  Y,  and  the  lack  of  any  precedent, 
reaction  71  is  highly  unlikely  and  will  not  be  given  any 
further  discussion. 

Homolytic  cleavage  (reaction  69)  might  proceed  by  the 
cleavage  of  a boron-hydrogen  or  a boron-iodine  bond.  Con- 
sidering the  relative  B-Y  bond  energies,*  and  the  relative 
stabilities  of  the  potential  Y*  radicals,  the  boron-iodine 
bond  is  more  likely  to  undergo  homolysis  than  the  boron-hy- 
drogen bond  in  the  initiation  step  of  a radical  process. 

Amine^^I  ->  Amine,  BI^*  + *1  (72) 

It  may  be  possible  for  a process  initiated  by  reaction  72  to 
conform  to  the  observed  second  order  rate  law,  but  neverthe- 


*The  energy  of  a terminal  boron-hydrogen  bond  in  diborane 
is  93  Kcal/mole.64  The  boron-icdine  bond  energy  in  borpn  tri- 
iodide  is  68  Kcal/mole  including  a ir-bonding  component . 12  The 
energy  of  a bond  between  iodine  and  tetrahedral  boron  should 
be  less  than  this  value,  since  ir-bonding  is  less  important  in 
the  adduct. 
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less  it  is  not  likely  that  the  overall  rate  could  exceed  that 

of  the  initiation  step.  Even  if  a low  boron-iodine  bond 

energy  of  only  40  Kcal/raole  is  taken  as  the  activation  ener- 

17 

gv,  and  a high  pre-exponential  factor  of  10  is  assumed,  a 

7 

half-life  for  reaction  80  at  35°C  in  excess  of  10  hr  is 
calculated.  The  observed  half-lives  at  35°C  for  reactions 
52  and  66  for  initial  0.50  M concentrations  are  approximate- 
ly 1 hr  and  10  hr,  respectively.  Consequently,  a free 
radical  mechanism  for  hydrogen-iodine  exchange  seems  possible 
only  if  there  are  long  radical  chains.  No  induction  periods 
were  observed  in  the  kinetic  runs,  and  no  EPR  signal  was  de- 
tected in  a solution  of  1.0  M 4-methylpyridine-borane  and  1.0 

M 4-methylpyridine-iodoborane  under  conditions  sensitive  to 

— 8 

radical  concentrations  as  low  as  10  M.  Thus,  a radical  ex- 
change process  seems  unlikely. 

Heterolytic  cleavage  reaction  70  is  the  ionization  of  a 
bond  to  boron  to  form  dissociated  ions,  one  of  which  is  a 
potential  nucleophile  (Y  ) , and  the  other  of  which  is  a po- 
tential electrophile  (AmineBH2+) . Considering  the  relative 
basicities  of  hydride  ion  vs.  iodide  ion,  and  the  lack  of  a 
deuterium  isotope  effect  on  reaction  52,  the  ionization  of 
the  boron-iodine  bond  is  more  likely  than  the  ionization  of 
a boron-hydrogen  bond.  Once  the  ionic  fragments  have  been 
formed,  the  exchange  reaction  might  proceed  by  nucleophilic 
attack  of  iodide  ion  on  Amine  BH,, 

cl  J 
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Amine.  BH~I  -*■  Amine,  BH.,  + I 
b z d 2 


I + Amine  BH.  ->  Amine  BH„I  + K 
a 3 a 2 


(73) 


H + Amine,BH„ 
b 2 


Amine,  BHn 
b 3 


or  by  the  electrophilic  attack  of  the  cationic  boron  frag- 


ment on  Amine  BH-. . 

a 3 


+ 


Amine,  BH„I  ->■  Amine,  BH  + I 
b 2 b 2 

Amine,  BH„  + + Amine  BH_  ->■  Amine,  BH_  + Amine  BH. 

b2  a3  b3  a 2 . 


(74) 


Amine  BH„  + I -*■  Amine  BH.I 
a 2 a 2 

In  either  sequence,  the  net  reaction  is  the  observed  hydro- 
gen-iodine exchange. 

Reaction  sequence  73  is  not  a viable  choice  since  it 
requires  the  displacement  of  the  strongly  basic  hydride  ion, 
and  thus  reaction  scheme  74  remains  as  the  only  reasonable 
mechanism  proceeding  by  preionization  of  a bond  to  boron. 

The  experimental  rate  law  (equation  62)  for  reaction  52  ex- 
presses concentration  dependence  on  the  amine-borane . Con- 
sequently, any  proposed  mechanism  initiated  by  preionization 
of  the  boron-iodine  bond,  must  have  a subsequent  step  as  the 


rate-determining  one. 

k1  + — 

Amine,  BH„I  v,  ==^  Amine,  BH0  + I (fast) 
b 2 k_i  b z 


(75) 


+ k2  . + 

Amine,  BH„  + Amine  BH-,  Amine,  BH  + Amine  BH.  (slow) 

b2  a3  b3  a z 


Amine  BH_  + I 
a 2 


k3 


Amine  BH.I  (fast) 
a 2 


The  first  step  is  a rapid,  reversible  ionization  of  the 
boron-iodine  bond  to  form,  dissociated  ions,  followed  by  rate- 
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determining  electrophilic  attack  of  the  boron  cation  on  the 
amine-borane  molecule.  Application  of  the  steady  state 
approximation  to  the  intermediate  cation  produces  a rate 
law  which  expresses  concentration  dependence  on  the  amine- 
borane  . 

k^k2  [Amine^BH2I] [Amine^BH^] 

rate  = (76) 

k , [I  ] 4-  K 0 [Amine  BH,] 

■“X  A 3.  o 

Since  the  second  step  is  rate-determining,  then  k2  [Amine^BH^] 
[Amine^BH^]  <<  k^ [Amine^BH2I ] , and  since  the  first  step  is 
an  equilbirium 

k1  [Amine^BH^]  = k_^  [AminebBH2+]  [I~] 
and  then 

k2 [AminebBH2  + ] [Amine^BH^ ] <<  k_^ [AminebBH2  + ] [I~] 
or  k0 [Amine  BH,]  <<  k [I~] 

In  this  case,  the  denominator  of  rate  law  76  can  be  simpli- 
fied to  give 

kxk2 [AminebBH2l] [AmineaBH3] 

rate  = (77) 

k_!  [!E  ] 

Although  this  rate  law  specifies  the  required  concentra- 
tion dependence  with  respect  to  the  reactants,  it  also  ex- 
presses inverse  concentration  dependence  with  respect  to  io- 
dide ion.  However,  as  long  as  the  concentration  of  iodide 
ion  remains  constant  during  the  exchange  process,  then  the 
k_^[I  ] term  is  constant,  and  the  theoretical  rate  law  com- 
plies with  experimental  rate. law.  Since  the  steps  that  com- 


sume  iodide  ion  in  reaction  scheme  75  (the  k_^  and  steps) 
are  fast,  it  is  reasonable  that  [I  ] would  rapidly  achieve 
a steady  state,  and  mechanism  75  would  be  acceptable,  since 
rate  law  77  would  express  the  proper  concentration  depen- 
dencies . 

The  possible  operation  of  this  mechamism  was  tested 
directly  by  investigating  the  influence  of  large  concentra- 
tions of  externally  added  iodide  ion  on  the  rates  of  reac- 
tions 52  and  66.  Rate  law  77  requires  that  the  rate  of  the 
exchange  reaction  would  be  decreased  by  added  iodide  ion 
via  a mass  law  effect  on  the  position  of  the  ionization  pre- 
equilibrium (common  ion  rate  depression) . The  last  three 
rows  in  Table  4 indicate  that  no  common  ion  rate  depression 
was  observed  for  reaction  52  with  concentrations  of  externally 
added  iodide  ion  of  up  to  0.250  M.  Likewise,  the  rate  of 
reaction  66  (or  the  reverse  reaction)  appears  to  be  insen- 
sitive to  iodide  concentration.  Depression  of  the  exchange 
rate  would  enhance  the  resolution  of  the  separate  nmr 
resonances  of  the  individual  solutes  as  observed  previously 
for  low  temperature  spectra  (Figures  50  and  51) . However, 
the  4-methylpyridine  resonances  of  a freshly  prepared  mixture 
of  0.50  M 4-methylpyridine-borane , 0.50  M 4-methylpyridine- 
iodoborane,  and  1.02  M tetra-n-butylammonium  iodide  in 
methylene  chloride  at  35°C  were  essentially  identical  to 
those  of  an  identical  solution  without  externally  added  io- 
dide ion  (Figures  44  and  49-A) . No  resolution  of  the  indi- 
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vidual  resonances  of  the  pyridine-borane  and  pyridine-io- 

doborane  was  observed.  Likewise,  no  rate  depression  of 

reaction  66  was  observed  in  the  presence  of  0.10  M triethyl- 

ammonium  iodide  or  0.20  M bis (4-methylpyridine) boronium 

iodide.  It  is  unlikely  that  the  absence  of  common  ion  rate 

depression  by  externally  added  iodide  salts  can  be  attributed 

to  ion-pairing  of  the  added  salt,  which  would  effectively 

deactivate  the  mass  effect  of  the  iodide  ion.  Conductance 

data  have  demonstrated  that  the  bis (pyridine) boronium  iodide 

salt  is  not  subject  to  extensive  ion-pairing  in  the  same 
72 

solvent,  so  significant  ion-pairing  is  not  likely  for 
(4-CH3py)  2BE2  +-*-  • Thus,  mechanism  75  is  rejected  for  lack 
of  compliance  with  the  experimental  rate  law.  The  rate  law 
for  this  scheme  can  exhibit  dependence  on  the  concentration 
of  the  amine-borane  only  if  it  also  expresses  an  inverse 
dependence  on  the  concentration  of  iodide  ion,  which  is  con- 
trary to  the  experimental  data. 

Further  evidence  against  the  operation  of  mechanism  75 

for  reaction  52  is  provided  by  the  solvolysis  data  of  Lowe 
48 

and  Kelly.  They  reported  an  activation  enthalpy  of  17.2 
Kcal/mole  for  the  solvolysis  of  trimethylamine-iodoborane  in 
aqueous  dioxane  via  iodide  displacement.  The  activation  en- 
thalpy of  a mechanism  initiated  by  the  ionization  of  the 
boron-iodine  bond  in  methylene  chloride  cannot  be  less  than 
this  value.  In  fact,  a considerably  greater  activation  en- 


thalpy is  expected  for  reaction  52  if  it  is  initiated  in  this 
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fashion.  In  aqueous  dioxane,  the  transition  state  should 
be  stabilized  by  a dielectric  and/or  coordinative  influence 
of  the  solvent,  whereas  in  methylene  chloride  such  stabiliza- 
tion is  unlikely.  The  estimated  activation  enthalpy  (13 
Kcal/mole)  for  reaction  52  for  4-methyl  substitution  is 
actually  less  than  Lowe's  value.  Thus,  an  exchange  process 
initiated  by  heterolysis  of  the  boron-iodine  bond,  to  dissoci- 
ated ions  can  be  excluded  from  consideration. 

The  one  type  of  dissociation  mechanism  remaining  for 
discussion  is  an  exchange  process  initiated  by  the  pre- 
dissociation of  a boron-nitrogen  dative  bond  (reaction  68). 
Reaction  could  proceed  by  the  cleavage  of  the  boron-nitrogen 
bond  in  the  amine-borane  (reaction 78-a)  or  in  the  amine-iodo- 
borane  (reaction 79-a)  to  produce  a free  amine  molecule  and 
a three-coordinate  boron  species.*  In  either  event,  the 
exchange  process  could  be  propagated  by  the  nucleophilic 
attack  of  the  liberated  amine  on  a complex  of  four-coordinate 
boron  (reaction  78-b  and  79-b) , or  by  the  electrophilic 
attack  of  the  free  Lewis  acid  on  a molecule  of  complex 
(reactions  78-c  and  79-c)  , followed  by  recombination  of 
Lewis  acid  and  base  fragments. 

Amine  BH_.  -+  Amine  + BH_  (7  8-a) 


* Although  it  is  expected  that  the  free  Lewis  acids  may  be  in 
equilibrium  with  their  dimers,  this  complication  will  not  be 
introduced  as  it  has  no  bearing  on  the  following  analysis. 
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then 


or 


Amine  + Amine,  BH_I  Amine  BH„I  + Amine, 
a b 2 a 2 b 


Amine,  + BH_  -*■  Amine,  BH-, 
b 3 b 3 


BH + Amine,  BH- 1 -*•  Amine,  BH0  + BH„I 
3 b 2 b 3 2 


Amine  + BH„I  ->  Amine  BH_I 
a 2 a 2 


(73-b) 


( 78-c ) 


then 


or 


Amine,  BH„I  ->  Amine,  + BH„I 
b 2 b 2 


Amine,  + Amine  BH_  Amine,  BH_  + Amine 
b a 3 b 3 a 


Amine  + BH„I  Amine  BH„I 
a 2 a 2 


BH~I  + Amine  BH0  ->■  Amine  BH_I  + BH0 
2 a 3 a 2 3 


Amine,  + BH_.  ->  Amine,  BH_ 
b 3 b 3 


(79-a) 


(79-b) 


(79-c) 


Exchange  could  also  be  accomplished  by  the  predissocia- 
tion of  the  boron-nitrogen  bonds  in  both  the  amine-borane  and 
the  amine-iodoborane  (reaction  7 8-a  and  79-a)  followed  by  re- 
combination of  the  Lewis  acid  and  base  fragments  {reactions 

80-a  and  80-b)  in  a process  known  as  stepwise  complex  forma- 
1 


tion. 


Amine  + BH_I  Amine  BH_I 
a 2 a 2 


Amine,  + BH-,  ->  Amine,  BH-, 
b 3 b 3 


(80-a) 

(80-b) 


In  order  to  comply  with  the  observed  second  order  rate 
law,  any  mechanism  proceeding  via  boron-nitrogen  bond  pre- 
dissociation must  have  as  the  rate-determining  step  some 
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process  occurring  after  the  dissociative  step.  Otherwise, 
the  rate  law  would  exhibit  dependence  on  the  concentration 
of  one  reactant  only.  It  can  be  demonstrated  that  reaction 
schemes  initiated  by  steps  78-a  or  79-a  can  in  fact  comply  with 
the  experimental  rate  law  if  the  dissociation  is  rapid  and 
reversible,  and  if  the  concentrations  of  free  Lewis  acid  and 
base  remain  small  throughout  the  reaction.  For  example,  a 
steady  state  analysis  of  reaction  scheme  78-c  provides  the 

following  rate  law 

k.k_  [Amine  BH_J  [Amine,  BH„I] 

± z a j d z 

rate  = (81) 

k . [Amine  ] + k_ [Amine,  BH_I] 

— i a z b 2 

for 

kl  „ 

Amine  BH_  e Amine  + BH_  (fast)  (82) 

a ->  k_^  a 3 

k2 

Amine,  BH„I  + BH  > Amine,  BH_  + BH_I  (slow) 

u z.  j b J 2 

Amine  + BH_  I Amine  BH„I  (fast) 

a 2 a 2 

Since  the  first  step  is  rapid  relative  to  the  second,  it  can 
be  shown  that 

k . [Amine  ] >>  k_  [Amine,  BH_I ] 

-l  a 2 b 2 

and  rate  lav;  81  reduces  to 

k^k- [Amine  BH_]  [Amine,  BH_I] 

1 Z 3.  J D Z 

rate  (83) 

k . [Amine  ] 

-1  a 

Consequently,  as  long  as  the  concentration  of  free  Arnine^ 

3. 

remains  low  during  the  reaction  (a  reasonable  supposition) , 
the  experimental  rate  law  will  be  followed. 
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However,  even  though  reaction  scheme  82  can  adhere  to 

the  experimental  rate  law,  it  can  nevertheless  be  rejected 

on  ether  grounds.  The  activation  enthalpy  for  the  reaction 

in  a noncoordinating  solvent  such  as  methylene  chloride 

could  not  be  less  than  the  boron-nitrogen  coordinate  enthalpy 

of  the  amine-borane . The  boron-nitrogen  coordinate  bond 

enthalpy  of  the  amine-borane  could  not  be  less  in  absolute 

value  than  the  heat  of  reaction  of  Amine  with  diborane. 

a 

Brown's  data  for  the  heat  of  reaction  of  4-methylpyridine 
with  provide  a value  of  approximately  33  Kcal/mole  as 

a lower  limit  for  the  boron-nitrogen  coordinate  bond  en- 
thalpy in  4-methylpyridine-borane . ^ For  the  4-methylpyri- 
dine derivative  in  reaction  52,  the  estimated  activation 
enthalpy  (13  Kcal/mole)  is  considerably  lower  than  this  value 
and  the  activation  enthalpy  for  reaction  66  must  be  lower 
yet.  The  rates  of  reactions  52  and  66  for  the  other  deriva- 
tives are  not  much  different  than  those  for  4-methylpyridine, 
and  the  activation  enthalpies  are  probably  also  quite  similar 
(i.e.  roughly  13  Kcal/mole).  Thus,  even  2-t-butylpyridine- 
borane,  which  has  the  lowest  boron-nitrogen  coordinate  bond 
enthalpy  of  the  amine-boranes  studied  here  (26  Kcal/mole  as 
a lower  limit) , cannot  react  via  predissociation  of  the  amine 
borane  into  the  Lewis  acid  and  base. 

Predissociation  of  the  amine-borane  can  also  be  elimin- 
ated from  consideration  based  on  the  experimental  rate  con- 
stants of  reactions  52  and  66.  Ryschkewitsch  and  Birnbaum 
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have  measured  the  rates  of  solvolysis  of  several  pyridine- 
boranes  in  n-propanol . 66  For  each  of  the  adducts  studied, 
the  activation  enthalpy  of  the  solvolysis  reaction  was  8-10 
Kcal/mole  less  than  the  boron-nitrogen  coordinate  bond  en- 
thalpy deduced  from  Brown's  thermochemical  data,63  suggest- 
ing involvement  of  the  donor  solvent  in  the  transition  state. 
Nevertheless,  the  propanolysis  reactions  were  considerably 
slower  than  the  hydrogen— iodine  exchange  reactions  examined 
here,  even  though  no  comparable  involvement  of  the  solvent 
in  the  transition  state  is  expected  in  methylene  chloride. 

For  example,  extrapolation  of  an  Arrhenius  plot  to  35°C  pre- 
dicts a half-life  of  approximately  170  hr  for  the  propanoly— 
sis  of  4-methylpyridine-borane . The  half-lives  observed  for 

the  exchange  reactions  52  and  66  for  4-methylpyridine  were 

-5 

1 hr  and  10  hr,  respectively,  for  0.50  M concentrations  of 
each  reactant.  Thus,  the  exchange  reactions  are  too  rapid 
to  proceed  via  reaction  78-a  as  an  initiation  step. 

The  foregoing  conclusions  eliminating  exchange  schemes 
initiated  by  cleavage  of  the  boron-nitrogen  bond  in  the  amine- 
borane  are  consistent  with  the  reports  of  Benton14  and  Hart-  • 
man  that  the  exchange  of  halogens  between  two  boron  tri- 
halide adducts  of  trimethylamine  does  not  occur  even  at  ele- 
vated temperatures.  For  example,  no  halogen  exchange  occurred 
between  trimethylamine-boron  trifluoride  and  trimethylamine- 
boron  trichloride  on  several  hours  of  heating  at  180°C  in 
trichlorobenzene  or  nitrobenzene. 


Trimethylamine-boron  tri- 
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fluoride  and  uncoordinated  boron  trichloride  exchanged 
halogens  rapidly  in  solution  at  room  temperature.  Thus,  the 
inertness  of  the  (CH^) ^NBF^/ (CH-, ) ^NBCl^  system  to  exchange 
can  be  attributed  to  the  stability  of  the  adducts  to  boron- 
nitrogen  bond  cleavage  and  not  to  some  subsequent  bottle- 
neck in  the  reaction  mechanism.  Further,  using  isotopically 
labelled  boron,  Coyle  has  demonstrated  that  halogen  exchange 
between  an  adduct  of  a tertiary  amine  and  boron  trifluoride 
and  free  boron  trichloride  occurs  via  boron-nitrogen  cleavage 
only  at  elevated  temperatures.  Considering  the  relative 
acceptor  abilities  of  BH^  vs.  BF^  toward  amine  donors  (BH^ 

> BF^),  it  is  quite  reasonable  to  conclude  that  the  exchange 
processes  studied  herein  do  not  proceed  via  cleavage  of  the 
dative  boron-nitrogen  bond  in  the  amine-borane . * 

Exchange  mechanisms  initiated  by  cleavage  of  the  boron- 
nitrogen  dative  bond  in  the  amine-iodoborane  (reaction  79) 
can  also  be  discounted.  In  an  earlier  section  of  the  Dis- 
cussion, it  was  proposed  that  BH^I  is  a stronger  acceptor 
than  BH^  toward  nitrogen  donors,  and  new  evidence  in  support 
of  this  hypothesis  was  advanced.  Consequently,  it  is  ex- 
pected that  amine  adducts  of  BH^I  are  less  susceptible  to 
heterolytic  boron-nitrogen  bond  cleavage  than  the  BH^  adduct. 

* This  argument  is  based  in  part  on  the  assumption  that  the 
relative  activation  enthalpies  of  heterolytic  boron-nitrogen 
bond  cleavage  for  two  adducts  can  be  inferred  directly  from 
the  relative  enthalpies  of  formation  of  the  adducts  from  the 
free  acid  and  base.  The  validity  of  this  assumption  will  be 
demonstrated  in  a later  section. 
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Since  predissociation  of  the  dative  bond  in  the  amine-borane 
has  been  eliminated  from  consideration,  likewise  cleavage 
of  the  boron-nitrogen  bond  in  the  amine-iodcborane  in  a 
Prelimina^Y  step  can  also  be  excluded.  Further,  stepwise 
complex  formation,  which  requires  the  energetically  unfavor- 
able cleavage  of  two  dative  bonds  before  exchange  occurs,  is 
untenable. 

One  other  mechanistic  scheme,  which  may  be  classified 
as  a dissociative  process,  merits  consideration.  Boron  Lewis 
acids  have  been  observed  to  catalyze  hydrogen-halogen  ex- 
change reactions.  For  example,  boron  tribromide  catalyzes 
the  hydrogen-halogen  exchange  reactions  of  benzhydryl  and  t- 
butyl  halides  with  silane  derivatives.  Further,  although 
two  trimethylamine  adducts  of  boron  trihalides  fail  to  ex- 
change substituents  in  solution  even  at  elevated  temperatures, 
an  adduct  will  frequently  exchange  halogen  readily  with  free 
boron  trihalide,  and  an  excess  of  Lewis  acid  can  facilitate 
exchange  between  two  adducts . ^ ^ Since  diborane,  a 
Lewis  acid,  was  known  to  be  a product  of  a side  reaction 
(reaction  43)  inherent  to  the  systems  under  investigation, 
the  possiblity  of  acid-catalyzed  exchange  was  examined. 
Reaction  43  is  expected  to  produce  diborane  whenever  the  pyr- 
idine-borane  and  pyridine-iodoborane  are  both  present.  Such 
a situation  could  arise  for  reaction  37  in  three  general 
ways.  Catalytic  quantities  of  diborane  might  result  from  a 
small  extent  of  slow,  uncatalyzed  exchange  followed  by  reac- 


tion  43  and  catalyzed  exchange.  Small  quantities  of  diborane 
might  also  be  present  before  the  occurrence  of  any  hydrogen- 
iodine  exchange,  the  origin  of  the  Lewis  acid  depending  on 
whether  the  equilibrium  was  approached  from  the  left  side 
or  right  side  of  equation  37.  When  a solution  of  a pyridine- 
iodoborane  is  prepared  by  the  reaction  of  iodine  with  the 
pyridine-borane , a transient  mixture  of  the  two  reactants 
necessary  for  diborane  production  (via  reaction  43)  is  un- 
avoidable. Thus,  when  the  iodoborane  solution  is  mixed  with 
a trimethylamine-borane  solution,  the  initial  reaction  mix- 
ture will  contain  traces  of  diborane  before  any  exchange 
occurs.  Initial  trace  quantities  of  diborane  might  also  be 
present  when  equilibrium  is  approached  from  the  left  side  of 
equation  37.  The  in  situ  preparation  of  trimethylamine-io- 
doborane  from  stoichiometric  quantities  of  trimethylamine- 
borane  and  iodine  could  conceivably  leave  traces  of  unreacted 
hydrogen  iodide.  When  the  pyridine-borane  solution  is  added, 
its  reaction  with  residual  hydrogen  iodide  could  produce  the 
conditions  necessary  for  the  intrusion  of  diborane  via  reac- 
tion 43.*  However,  only  very  small  quantities  of  diborane 
could  result  from  any  of  the  aforementioned  sources. 

The  results  obtained  for  the  0°C  runs  for  4-methyl  sub- 
stitution in  reaction  52  (Figures  31  - 32  and  Table  5)  sug- 

* This  possibility  seems  unlikely,  since  the  exchange  rate  of 
reaction  52  was  not  altered  by  the  use  of  an  excess  of  tri- 
methylamine-borane over  the  quantity  of  iodine  required  to 
produce  tr ime thy 1 amine- iodoborane 
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gest  that  diborane  does  not  catalyze  the  hydrogen-iodine  ex- 
change reaction.  A sample  containing  25  mole  % (based  on 
reaction  43)  of  externally  added  diborane  reacted  at  the 
same  rate  as  a control  sample  without  added  diborane.  A 
low  reaction  temperature  of  0°C  was  especially  suitable  for 
this  experiment,  since  reaction  43  is  very  slow  at  this  tem- 
perature, minimizing  the  likelihood  of  any  diborane  produc- 
tion in  the  control  sample. 

Further  evidence  against  acid-catalyzed  exchange  was 
provided  by  the  nature  of  the  nmr  spectrum  of  a sample 
of  4-methylpyridine-borane  and  4-methylpyridine-iodoborane 
with  21  mole  % of  externally  added  diborane.  The  spectrum 
was  essentially  the  same*  as  that  of  a freshly  prepared  con- 
trol sample  without  the  added  diborane  (Figures  44-C  and 
49-A) . Both  samples  exhibited  spectra  with  the  same  extents 
of  broadening  and  convergence  of  resonances.  If  diborane 
catalyzed  exchange  reaction  39  significantly,  the  spectrum  of 
the  sample  with  added  diborane  would  display  sharper  signals 
for  the  4-methylpyridine  resonances  than  the  control  spectrum 

Thus,  it  may  be  concluded  that  the  addition  of  large 
quantities  of  diborane  does  not  affect  the  rates  of  the  hydro 
gen-iodine  exchange  reactions.  However,  the  postulate  might 
be  advanced  that  only  a small,  catalytic  amount  of  diborane 
is  required  to  accelerate  the  exchange  process,  and  that  the 


* Minor  differences  will  be  discussed  in  a later  section. 


206 


addition  of  the  Lewis  acid  in  excess  of  this  small,  rate- 
controlling quantity  should  have  no  effect  on  the  rate.  This 
suggestion  would  be  a contradiction  of  the  general  observa- 
tion  that  a large  amount  of  free  Lewis  acid  is  necessary  for 
a facile  catalytic  process. 

From  the  foregoing  discussion,  it  can  be  concluded  that 
the  hydrogen-iodine  redistribution  reactions  between  two  co- 
ordinatively  saturated  boron  atoms  do  not  proceed  via  any 
dissociative  mechanism.  Thus,  it  is  evident  that  exchange 
must  occur  by  the  collision  of  two  molecules  of  undissociated 
complex  in  a bimolecular  reaction.  Indeed,  the  activation 
parameters  estimated  for  the  4-methyl  derivative  for  reaction 
52  support  this  conclusion.  All  of  the  bonds  in  the  system 
are  expected  to  have  enthalpies  in  excess  of  13  Kcal/mole, 
and  thus  it  is  evident  that  bond  formation  must  be  concomi- 
tant with  bond  cleavage  in  the  transition  state,  indicative 
of  a bimolecular  process.  Likewise,  a highly  negative  en- 
tropy of  activation  (-31  cal/mole  deg)  is  characteristic  of 
a bimolecular  transition  state,  and  speaks  against  any  uni- 
molecular  dissociation. 

Amine-iodoboranes  have  been  observed  to  react  with  a 

variety  of  nucleophiles  with  the  displacement  of  iodide  ion 
49  50  74  75 

from  boron.  ' ' ' Based  on  yield  data,  Nainan  and  Rysch- 

kewitsch  concluded  that,  for  amine  nucleophiles,  the  reaction 
is  a bimolecular  displacement  of  iodide  ion  by  the  approach- 
ing donor.  This  proposal  is  analogous  to  the  SNn  reaction 
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mechanism  common  for  alkyl  and  aralkyl  halides  in  organic 
chemistry. 

Amme-boranes , on  the  other  hand,  are  subject  to  electro- 
philic attack  on  the  boron-hydrogen  bond.  A variety  of  elec- 
trophilic reagents  have  been  employed  to  substitute  a boron- 
hydrogen  with  halogen.11,19,75,77  Noeth19  has  described  the 
boron-hydrogen  bond  as  a nucleophile  in  these  reactions. 

Consequently,  a mixture  of  an  amine-borane  and  an  amine- 
iodoborane  contains  a substrate  susceptible  to  nucleophilic 
attack  (AminekBl^I) , and  a potential  nucleophile  (AmineaBH^) . 
Alternatively,  the  amine-iodoborane  may  be  viewed  as  an  elec- 
trophile capable  of  abstracting  a hydride  ion  from  the  boron 
atom  of  the  amine-borane  by  analogy  with  other  electrophilic 
reagents.  From  either  viewpoint,  a bimolecular  reaction  be- 
tween an  amine-iodoborane  and  the  boron-hydrogen  bond  of  an 
amine-borane  seems  quite  feasible,  and  could  account  for  the 
hydrogen-iodine  exchange  reactions  observed  here.  Such  a bi- 
molecular exchange  would  proceed  with  the  simultaneous  loss 
of  iodide  from  the  amine-iodoborane  and  transferal  of  hydride 
from  the  amine-borane  to  the  amine-iodoborane  in  the  transi- 
tion state.  The  dependence  of  the  rate  of  reaction  84  on  the 
halogen  supports  the  hypothesis  that  halide  ion  is  lost  in 
the  rate-determining  step. 

k2 

4-CH3pyBH3  + (CH3)3NBH2X  > 4-CH3pyBH2X  + 

(CH3) 3NBH3 


(X  = Cl,  Br,  I) 


(84) 
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The  reluctance  of  the  reaction  to  proceed  for  the  bromo  and 
chloro  derivatives  is,  in  fact,  kinetic  in  origin,  and  not 
merely  a reflection  of  unfavorable  equilibria,  since  similar 
rates  were  observed  for  the  reverse  reactions  (i.e.  k_2”k2 
for  each  halogen) . 

k-2 

4-CH3pyBH2X  + (CH3 ) 3NBH3  ^ 4-CH3pyBH3  + 

(CH3)3NBH2X  (85) 

The  order  of  reactivity  (I  > Br  > Cl)  observed  for  reactions 

84  and  85  is  consistent  with  the  relative  boron-halogen  bond 
6 6 0 7 8 

strengths,  ' ' the  relative  leaving  group  abilities  of 

the  halide  ions,  and  the  relative  ease  of  displacement  of 

halide  ion  from  boron  with  other  nucleophiles.  Ryschkewi tsch 

has  noted  the  same  order  of  reactivity  for  the  displacement 

79 

of  halide  ion  from  tetrahedral  boron  with  amine  donors,  as 

4 8 

have  Lowe  and  Kelly  for  the  relative  rates  of  solvolysis  of 
trimethy lamine-haloboranes  in  aqueous  dioxane. 

Transfer  of  hydride  from  the  amine-borane  to  the  amine- 
iodoborane  via  a bimolecular  collision  would  require  the 
formation  of  a three-center,  two-electron,  B-H-B  bridge-bond 
in  the  transition  state.  The  required  vacant  orbital  at  the 
boron  atom  of  the  amine-iodoborane  would  be  provided  by  the 
simultaneous  loss  of  iodide  ion.  Boron-hydrogen  compounds 
are  known  to  form  B-H-B  bridge-bonds  quite  readily,  and,  in 

7 g 

some  cases,  stable  species  result.  Diborane  has  a structure 
with  two  bridges  of  this  type  between  the  boron  atoms.  Boron 
compounds  are  also  known  to  form  singly  bridged  structures 
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°nli  ons  B -H  B bond.  Examples  are  the  diborohydride 
anion  (B2H-,)  , and  the  DonorBH^'BH^  complexes,  where  ethers, 
pyridine,  and  trimethylamine  are  donors.36'80,81  For  amine 
donors,  the  adducts  exist  only  at  low  temperatures,  and  they 
have  been  postulated  as  intermediates  in  the  cleavage  reac- 
tions of  diborane  with  donors.36 

Electron-deficient  B-H-B  bridge-bonds  may  be  proposed 
for  the  transition  state  of  the  hydrogen-iodine  exchange 
reactions  examined  here. 

Amine  H0B H BHnAmine, 

a.  Z | 2 b 

(I) 

1 

I 

However,  it  must  be  recognized  that  structure  I contains  one 
boron  atom  involved  in  bonding  to  five  other  atoms.  Since 
boron  is  a first  row  element,  formation  of  the  three-center, 
two-electron  bond  in  the  transition  state  requires  the  libera- 
tion of  an  orbital  on  the  boron  atom  of  the  amine-iodoborane 
(hereafter  referred  to  as  boron  atom  b) . Such  unsaturation 
can  be  achieved  in  a bimolecular  collision,  only  if  the  iodide 
ion  leaves  the  coordination  sphere  of  boron  atom  b as  the 
nucleophile  arrives. 

There  are  two  basic  bimolecular  reaction  pathways  by  which 
such  a synchronous  bond  cleavage  and  formation  process  could 
occur,  each  of  which  has  precedents  in  the  chemistry  of  tetra- 
hedral boron  compounds.  The  first  of  these,  which  is  analo- 
gous to  the  SN2  reaction  of  organic  halides,  is  the  backside 
displacement  of  the  iodide  leaving  group  by  the  incoming. 
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nucleophilic  boron-hydrogen  bond.  The  transition  state  (II) 
would  be  approximately  trigonal  bipyramidal  around  boron 
atom  b,  with  the  entering  and  leaving  groups  at  axial  posi- 
tions, and  with  two  hydrogen  atoms  and  Amine^  occupying  the 

8 2 

equatorial  positions. 


Amine  H^B H B 1 

3.  Z | 


(ii) 


Amine, 

b 

The  reaction  might  proceed  via  concerted  iodide  loss  and 
hydride  abstraction  producing  Amine^BH^  and  a three-coordi- 
nate boronium  ion  (III).  The  latter  species  would  be  expected 
to  combine  rapidly  with  displaced  iodide  ion  to  form 
Amine  BH~I . 

a.  Z 

Amine^H^  + Amine^^I  — > Amine^BH^ 

•X-  — -p  a c;  +■ 

+ Amine^E^  + I > products  (86) 


(III) 


Alternatively,  a bridged  cationic  intermediat®-.  (IV)  might 
have  sufficient  stability  to  exist  briefly  before  being  sub- 
jected to  bridge-bond  cleavage  by  attack  of  the  nucleophilic 
iodide  ion. 


Amine, BH,  + Amine,BH~I 
a j b 2 


1 H K 

,.s_!°y — > Amine  B-H-BAmine,  + I 
aH  H b 


(IV) 


> products  (87) 

The  second  type  of  bimolecular  reaction  path  to  be  con- 
sidered proceeds  via  a cyclic  transition  state  in  a four-cen- 
ter reaction.  Dessy  defines  a four-center  mechanism  (Sp)  as 


211 


one  in  which  bonding  changes  occur  simultaneously  at  four 

8 3 

different  sites  in  a cyclic  system.  J Four-center  transition 
states  have  frequently  been  proposed  for  the  reaction  of  a 
substrate  (X-Y)  with  a bifunctional  attacking  species  (E-N) 
with  nucleophilic  and  electrophilic  capabilities. 

•X- Y 

XY  + EN  -*  [ j -*  XN  + EY  (88) 

N E 

The  electrophilic  portion  of  the  reagent  (E)  assists  the  nu- 
cleophilic attack  of  N on  the  substrate  via  simultaneous  re- 
moval of  Y , the  leaving  group.  At  the  same  time,  the  nu- 
cleophilic portion  of  the  attacking  species  (N)  assists  the 
electrophilic  attack  on  Y by  coordination  to  X in  the  transi- 
tion state. 

Four-center  transition  states  (V)  have  been  postulated 
for  the  reaction  of  the  boron-hydrogen  bonds  of  amine-boranes 
with  a variety  of  reagents. 


-B H 

i i 

i i 

i i 


(V) 

Transition  states  of  this  type  have  been  proposed  for  the 

19  84 

reactions  of  amine-boranes  with  halogens,  ' hydrogen  ha- 
lides , ^ ^ ' 84  boron  trihalides , ^ ^ aralkylhalides , and 
a variety  of  other  halides  and  oxyhalides . An  analogous 
transition  state  can  be  proposed  for  the  reaction  of  an  amine- 
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borane  with  an  electrophilic  amine-iodoborane . 

H\  /H 

Amine  B H 

-1  a , | 

Amine  BH,  + Amine.BH-I  — - ow — ^ 
a 3 b 2 


I B Amine, 

h"xh  b 


(VI) 


fast 


->  products 


(89) 


Lockhart  has  proposed  the  operation  of  a four-center 
mechanism  for  the  exchange  reactions  of  a variety  of  central 
atoms  (M1  and  M^),  and  a number  of  exchanging  groups  (A  and 


B) 


MIA 


n 


mI3:b 


n 


MIA  , B 
n-1 


mI3:ab 


n-1 


(VII) 


(90) 


Steps  a and  c are  bond  formation  processes  in  which  A and  B 
act  as  donors  toward  the  respective  central  atoms.  In  general, 
the  greater  the  acceptor  powers  of  and  and  the  greater 

the  donor  abilities  of  A and  B,  the  faster  the  redistribution 
process  occurs.  The  bond  formation  and  cleavage  steps  can 
occur  in  a stepwise  fashion.  In  particular,  if  M1  is  a better 
acceptor  than  M11,  and  if  B is  a better  donor  than  A,  then 
reaction  will  be  initiated  by  step  a,  the  nucleophilic  attack 
of  donor  B on  acceptor  M1 . In  that  case,  the  intermediate 
formed  should  have  reduced  acceptor  power  at  M1 , but  increased 
acceptor  power  at  M11.  At  the  same  time,  the  M^-A  bond  is 
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weakened , increasing  the  nucleophxlicity  of  A.  Consequent— 


and  d lead  to  the  redistributed  products. 

In  the  system  under  investigation  here,  the  central 
boron  atom  in  the  amine-iodoborane  undoubtedly  has  greater 
acceptor  ability  than  the  boron  atom  in  the  amine-borane , as 
evidenced  by  the  relative  reactivities  of  the  two  substrates 
toward  nucleophiles  such  as  amines.  Further,  hydrogen  is  a 
better  donor  than  iodine  toward  boron,  and  also  displays  a 
propensity  for  bridge-bond  formation.  Thus,  a four-center 
process  initiated  by  the  formation  of  a bridge  boron-hydro- 
gen  bond  from  the  amine-borane  to  the  amine-iodoborane  is 
reasonable  (structure  VIII).  Such  coordination  would  increase 
the  acceptor  ability  of  the  boron  atom  of  the  amine-borane 
(hereafter  referred  to  as  boron  atom  a) , and  would  enhance 
the  nucleophilicity  of  iodine  through  a weakening  of  the  B-I 
bond.  Thus,  step  a facilitates  step  c in  forming  the  four- 
center  structure  IX. 


ly , step  c,  the  formation  of  the  M^-A  bond  is  facilitated. 
Formation  of  the  M — B bond  enhances  the  acceptor  ability  of 

II 

M and  the  donor  ability  of  A.  Finally,  cleavage  steps  b 


a 


I 


(VIII) 


(91) 


a „H-. 


VIII  + Amine,  H„B^ 
b 2 ^ 


'"'EH.,  Amine 


— , - - > products 
a steps  ^ 


b and  d 


(IX) 
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In  this  respect,  the  amir.e-iodoborane  can  be  envisioned 
as  a bifunctional  reagent  as  formulated  by  Dessy.80  Con- 
ceptually, transition  state  IX  can  be  envisioned  as  inter- 
mediate between  the  extremes  of  nucleophilic  attack  of  iodide 
ion  on  the  amine-borane  with  the  displacement  of  hydride,  and 
electrophilic  attack  of  Amine^H^  on  the  B-H  bond  of  the 
amine-borane.  Neither  the  nucleophilic  nor  the  electrophilic 
attack  could  proceed  alone,  since  hydride  ion  is  a poor  leav- 
ing group,  and  since  the  amine-iodoborane  does  not  dissociate 
into  ions.  However,  the  two  modes  of  attack  can  assist  each 
other  in  a concerted  reaction  via  transition  state  IX. 

In  the  ensuing  discussion,  the  relative  suitabilities  of 

the  SN9  mechanism  (reaction  schemes  86  and  87)  and  the  S„ 
z F 

mechanism  (reaction  scheme  91)  for  the  hydrogen-iodine  ex- 
change reaction  will  be  considered.  Each  of  the  bimolecuiar 
pathways  will  be  weighed  with  respect  to  several  criteria,  in- 
cluding compatibility  with  the  observed  second  order  rate  law, 
substituent  changes  on  the  donors,  substituent  changes  on 
boron  (i.e.  deuterium  for  hydrogen  substitution,  and  variation 
of  the  halogen),  and  the  estimated  activation  parameters.  In 
addition,  the  necessity  for  unsaturation  at  the  boron  atom  of 
the  iodoborane  and  the  principle  of  microscopic  reversibility 
will  be  considered. 

The  Sp  mechanism  and  both  of  the  possible  mechanisms 

proceed  via  a bimolecuiar  collision  in  the  rate-determining 


step  followed  by  a rapid  decay  to  the  products.  Thus,  all 
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three  reaction  paths  are  consistent  with  the  experimentally 
determined  rate  law  for  hydrogen-iodine  exchange  (equation 
62).  The  hydrogen-iodine  exchange  reactions  are  reversible, 
and  according  to  the  principle  of  microscopic  reversibility, 
exchange  from  either  direction  must  proceed  along  the  same 
reaction  coordinate  via  the  same  intermediates.  The  tran- 
sition state  for  the  S mechanism  (structure  IX)  is  suitable 

r 

for  exchange  from  either  direction. 

Amine  BH.  + Amine,  BH~I  ^ ^ IX  Amine  BH~I  + 

a j b z x a 2 

Amine^BH^  (92) 

The  only  difference  between  the  transition  states  for  the 
forward  and  reverse  reactions  is  the  movement  of  charge  in 
the  four-center  cyclic  transition  state.  Negative  charge  is 
transferred  in  a counterclockwise  fashion  around  the  reaction 
centers  in  structure  IX  for  the  forward  reaction,  and  in  a 
clockwise  direction  for  the  reverse  reaction. 

The  singly  bridged  intermediate  (IV)  in  reaction  scheme 
87  is  similarly  suited  for  reaction  in  either  direction.  The 
observation  of  a net  change  in  either  the  forward  or  reverse 
direction  would  depend  only  on  which  boron-hydrogen  bridge 
bond  is  cleaved  by  the  nucleophilic  iodide  ion.  Reaction 
scheme  86  can  be  rejected,  since  the  microscopic  reversibili- 
ty principle  requires  that  the  reverse  reaction  proceed  by 
preionization  of  the  boron-iodine  bond  in  Aminea3H2I,  a 
reaction  path  already  excluded  from  consideration  on  the  basis 
of  experimental  data.  Thus,  reaction  sequence  87  is  the  only 
viable  SN2  process,  and  further  mention  of  the  SN2  mechanism 
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refers  to  this  pathway. 

The  5^  and  mechanisms  each  require  the  formation  of 

a three-center,  two-electron  B-H-B  bond.  Bonds  of  this  type 

are  common  in  boron  compounds  with  each  of  the  participating 

atoms  contributing  one  orbital  to  the  bridge  bond.  Since 

the  boron  atom  of  the  amine-iodoborane  is  coordinatively 

saturated,  bridge  bond  formation  can  occur  in  the  transition 

state  only  to  the  extent  that  an  orbital  on  this  boron  atom 

is  liberated.  The  SN2  mechanism  is  readily  analyzed  within 

2 

this  limitation.  The  sp  - hybridized  boron  atom  in  the  tri- 
gonal bipyramidal  transition  state  has  one  lobe  of  a 2p  or- 
bital directed  toward  the  leaving  iodide  ion  and  the  other 

8 2 

lobe  toward  the  incoming  boron-hydrogen  bond.  The  three- 

center  bond  would  involve  a 2p  orbital  on  boron  atom  b,  a 
3 . . 

sp  -hybridized  orbital  on  boron  atom  a,  and  a Is  orbital  on 

hydrogen.  Except  for  the  participation  of  a 2p  rather  than 
3 

a sp  orbital  on  one  boron  atom,  this  bonding  scheme  is  no 

different  than  that  of  a B-H-B  bridge  bond  of  diborane. 

The  involvment  of  a 2p  orbital  on  boron  in  three-center 

bonding  has  precedents  in  the  accepted  description  of  the 

7 8 

bonding  arrangements  in  BqHg  and  other  boron  hydrides.  Pro- 
gression along  the  reaction  coordinate  to  structure  IV  would 

3 

produce  a conventional  B-H-B  bridge  bond  between  two  spt-  hy- 
bridized boron  atoms.  Thus,  the  accepted  view  of  the  SN2 
mechanism  provides  the  unsaturation  at  the  boron  atom  of  the 
iodoborane  necessary  for  bimolecular  exchange. 

The  S,.,  mechanism  also  requires  the  generation  of  unsatu- 
r 
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ration  at  boron  atom  b for  bridge  bond  formation.  Again, 
f~is  condition  could  be  fulfilled  rf  the  iodide  ion  leaves 
the  coordination  sphere  of  boron  atom  b as  the  nucleoDhile 
arrives.  However,  in  contrast  to  the  SN2  mechanism,  the  or- 
bital rearrangements  involved  in  S reactions  at  saturated 

r 

centers  have  not  been  well  formulated.  Cyclic  four-center 
exchange  can  be  described  in  terms  of  conventional  bonding 
schemes  if  amine-iodoboranes  exist  as  ion  pairs,  amineBHll-. 
The  boron  atom  in  such  a species  would  have  an  orbital 
available  for  bridge  bond  formation  with  the  amine-borane 
nucleophile.  During  the  exchange  process,  the  iodide  ion 
would  enter  into  electrovalent  bond  formation  with  boron 
atom  a as  orbital  unsaturation  was  generated  there  by  hydride 
loss . 

8 5 

Winstein  defines  the  intimate  ion  pair  in  solution 
as  two  ions  of  opposite  charge  in  contact,  with  no  interven- 
ing solvent  molecules.  Ion  pairs  have  been  identified  as 

intermediates  in  the  reactions  of  alkyl  halides  with  nucieo- 
, . . 85-88 

phiies . By  analogy,  nucleophilic  attack  of  an  amine- 

borane  on  an  amine-iodoborane  might  proceed  via  an  ion  pair 
intermediate  derived  from  the  amine-iodoborane. 

Kosower  has  proposed  that  the  ground  state  of  the  charge 
transfer  complex  formed  between  the  N-methylpyridinium  cation 

OQ 

and  the  iodide  anion  may  be  depicted  as  an  intimate  ion  pair. 
The  iodide  ion  is  believed  to  reside  above  the  plane  of  the 
pyrrdinium  ring  near  the  nitrogen  atom  which  is  the  centroid 
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of  positive  charge.  An  intimate  ion  pair  derived  from 
pyridine-iodoborane  would  be  a close  analog  of  the  ground 
state  of  the  N-methylpyridinium  iodide  charge  transfer  com- 
plex, with  the  N-methyl  group  substituted  with  BH2. 

Earlier  in  this  study,  it  was  proposed  that  the  most 
stable  conformers  of  the  BH2I  adducts  of  pyridine  donors 
would  have  the  iodine  moeity  positioned  above  a plane  con- 
taining the  pyridine  ring  and  the  boron  atom  (i.e.  a = 90° 
in  Figure  58) . In  this  case,  the  formation  of  an  ion  pair 
analogous  to  the  ground  state  of  the  N-methylpyridinium 
iodide  complex  merely  requires  the  migration  of  the  iodide 
ion  involved  in  electrovalent  bonding  to  boron  a short  dis- 
tance toward  the  nitrogen  atom.  In  fact,  the  iodide  ion 
may  reside  close  to  the  boron-nitrogen  bonding  region  in 
the  ground  state  of  a charge  transfer  complex,  since  some  of 
the  positive  charge  on  the  pyridinium  cation  should  be  trans- 
ferred to  the  relatively  electropositive  boron  atom. 

The  ultraviolet  spectra  of  some  substituted  pyridine- 
iodoboranes  in  solvents  of  low  polarity  suggest  that  these 
compounds  do  in  fact  exist  as  tight  ion  pairs.  The  ultra- 
violet spectra  of  4-chloropyridine-borane  and  4-chloropyr- 
idine-iodoborane  in  methylene  chloride  are  presented  in 
Figure  54.  The  spectrum  of  the  iodinated  derivative  is 
generally  more  intense,  particularly  near  292  nm  and  240  nm, 
and  A has  shifted  to  shorter  wavelength.  The  enhanced 
absorbance  near  292  nm  appears  as  a broad  shoulder  of  medium 
intensity  on  the  red  side  of' the  main  absorption  maximum.  No 
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corresponding  shoulder  appears  in  the  spectrum  of  4-chloro- 
pyndine-borane . Similar  differences  were  observed  between 
the  spectra  of  4-methylpyridine-borane  and  4-methylpyridine- 
iodoborane,  although  the  broad  shoulder  on  the  red  side  of 
the  main  peak  was  not  as  well  resolved  for  4-methylpyridine- 
iodoborane  as  for  4-chloropyridine-icdoborane . 

The  additional  broad  absorption  observed  for  the  pyri- 
dine-iodoborane  derivatives  is  assigned  as  a charge  transfer 
transition  form  the  iodide  ion  to  the  R-pyB^"*"  cation  of  a 
tight  ion  pair.  The  solvent  and  substituent  effects  on  the 
position  of  this  transition,  and  the  appearance  of  another 
broad  absorption  at  shorter  wavelength  are  consistent  with 
this  assignment. 

Kosower  has  intensively  investigated  solvent  effects  on 
the  charge  transfer  spectra  of  substituted  N-methylpyridinium 

■ j • 8 9 

xodides.  The  charge  transfer  bqnd  moves  to  higher  energy 
as  the  polarity  of  the  solvent  is  increased.  In  the  ground 
state  of  the  complex,  the  iodide  ion  is  above  the  pyridinium 
ring,  and  the  dipole  of  the  complex  is  perpendicular  to  the 
ring.  Upon  the  absorption  of  light,  the  complex  is  trans- 
formed to  the  excited  state  which  has  a dipole  moment  per- 
pendicular to  that  of  the  ground  state.  In  the  ground  state, 
the  complex  is  stabilized  by  interaction  with  solvent  dipoles 
According  to  the  Franck-Condon  principle,  the  electronic 
charge  transfer  transition  is  so  rapid  that  no  molecular 
motion  can  occur.  Solvent  molecules  are  unable  to  reorien- 
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tate  themselves  around  the  changed  dipole,  and  the  excited 
state  is  destabilized  relative  to  the  ground  state.  As 
solvent  polarity  increases,  the  stabilization  of  the  ground 
state  relative  to  the  excited  state  is  enhanced,  and  the 
energy  change  (AECT)  of  the  charge  transfer  transition  in- 
creases. In  fact,  Kosower  has  employed  the  energy  of  the 
charge  transfer  transition  for  l-ethyl-4-carbomethoxypyri- 

dinium  iodide  in  a given  solvent  as  a measure  of  solvent 

8 9 

polarity,  Z,  where  Z is  AECT  in  that  solvent.  A larger 
value  of  Z indicates  a more  polar  solvent. 

The  effect  of  a change  in  solvent  from  cyclohexane  (z  = 
60.1)*  to  methylene  chloride  (z  = 64.2)  on  the  ultraviolet 
spectrum  of  4-methylpyridine-iodoborane  is  illustrated  in 
Figure  55.  The  broad  absorption  at  the  red  end  of  the  spec- 
trum shifts  to  shorter  wavelength  as  the  polarity  of  the 
solvent  increases,  consistent  with  the  assignment  of  this 
absorption  to  a charge  transfer  transition.  Likewise,  the 
magnitude  of  the  solvent  shift  is  comparable  to  the  shift  ob- 
served for  the  charge  transfer  band  of  4-methyl-N-methylpyr- 
idinium  iodide  for  a similar  change  in  solvent  polarity. 
Kosower  has  concluded  that  similar  sensitivities  to  solvent 
changes  for  different  substituted  pyridinium  iodides  indicate 
that  the  ground  states  of  the  complexes  for  the  two  systems 


* No  Z value  has  been  determined  for  cyclohexane,  but  it  is 
expected  to  be  similar  to  that  of  isooctane  for  which  Z = 60.1. 
This  value  has  been  used  as  a standard  for  hydrocarbon  solvents 
by  Kosower. ^0 
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are  similarly  oriented.  Thus,  the  ground  state  for  4-methyl- 
pyridine-iodoborane  must  resemble  that  of  the  organic  analog. 
In  the  ground  state,  the  dipole  of  the  ion  pair  is  perpen- 
dicular to  the  plane  of  the  pyridine  ring.  The  iodide  ion 
of  the  4-methyl pyridine-iodoborane  ion  pair  must  lie  above 
the  centroid  of  positive  charge  (the  boron  and  nitrogen 
atoms)  with  the  dihedral  angle  (a)  in  Figure  58  very  close 
to  90°.  A conformation  with  a dihedral  angle  far  from  90° 
would  have  a dipole  nonperpendicular  to  the  plane  of  the 
ring.  This  conclusion  concurs  with  the  conformational  analy- 
sis of  pyridine-iodoboranes  presented  in  an  earlier  section 
of  the  Discussion  regarding  exchange  equilibria  and  strain 
phenomena  in  ortho  alkyl-substituted  pyridine-iodoboranes. 

The  substitution  of  a chlorine  atom  for  a methyl  group 
at  the  para  position  of  the  pyridine  ring  is  also  consistent 
with  the  charge  transfer  assignment.  In  the  ground  state  of 
the  complex,  the  pyridine  moiety  is  essentially  a pyridinium 
ion,  while  in  the  excited  state  it  is  primarily  a pyridinyl 
radical.  Electron-donating  groups  are  far  more  effective  in 
stabilizing  a carbenium  ion  species  than  a free  radical 
species.  Electron-donating  substituents  decrease  the  electron 
affinity  of  the  ground  state  pyridinium  ion,  stabilizing  the 
ground  state  without  making  a corresponding  change  in  the 
energy  of  the  excited  state  ring.  Electron-withdrawing  sub- 
stituents on  the  pyridine  ring  increase  its  electron  affinity, 
and  thus  decrease  the  energy  required  to  reduce  it  in  the 
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charge  transfer  transition.  The  change  in  X of  the 
charge  transfer  absorption  to  lower  energy  upon  chlorine 
for  methyl  substitution  is  consistent  with  the  assignment  of 
this  band.  The  magnitude  of  the  shift  (2.5  Kcal/mole)  is 
less  than  expected  by  comparison  with  the  effects  of  hydro- 
gen for  methyl  substitution  at  the  para  position  for  the 

N-methylpyridium  iodide  system  in  which  a shift  of  3.2  Kcal/ 

90 

mole  was  observed.  The  discrepancy  might  reflect  that  the 
centroid  of  positive  charge  lies  further  from  the  ring 
(close  to  boron)  for  the  pyridine-iodoborane  compounds  than 
for  the  N-methylpyridinium  iodides. 

One  other  feature  of  the  ultraviolet  spectrum  of  4- 
chloropyridine-iodoborane  supports  the  assignment  of  the 
charge  transfer  transition.  Below  250  nm  the  spectrum  ex- 
hibits stronger  absorption  than  that  of  the  corresponding 
pyridine-borane  with  a maximum  enhancement  at  approximately 
238  nm.  Kosower  observed  a second  charge  transfer  band  in 

the  spectra  of  several  substituted  N-methylpyridinium 
. . 91 

iodides.  The  observation  of  two  charge  transfer  bands  was 
attributed  to  the  formation  of  a nearly  free  iodine  atom  in 
the  excited  state  of  the  complex.  The  charge  transfer  tran- 
sition could  result  in  the  production  of  an  iodine  atom  in 
2 2 

either  its  ^2/2  9roun<^  state  or  in  the  excite^  state. 

The  energy  difference  between  these  states  for  the  free  iodine 
atom,  is  21,7  Kcal/mole.  Since  the  lower  energy  charge  trans- 
fer band  appears  at  292  nm  for  4-chloropyridine-iodoborane 
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in  methylene  chloride,  a second  charge  transfer  band  is  ex- 
pected near  238  nm  corresponding  to  an  absorption  with  a 
transitional  energy  22  Kcal/mole  larger.  The  assignment  of 
the  absorption  near  238  nm  in  the  spectrum  of  4-chloropyri- 
dine-iodoborane  as  a second  charge  transfer  band  is  somewhat 
tenuous  since  other  transitions  occur  in  this  region.  How- 
ever, solvent  and  substituent  effects  on  the  absorption 
qualitatively  support  this  analysis. 

Thus,  it  is  concluded  that  pyridine-iodoboranes  can 
exist  as  tight  ion  pairs*  in  solvents  of  low  polarity  with 
the  iodide  ion  residing  above  the  boron-nitrogen  bonding 
region.  This  model  is  well  suited  for  the  interpretation  of 
the  steric  and  electronic  properties  of  the  Lewis  acid,  BH2I, 
discussed  in  an  earlier  section  of  the  Discussion.  It  was 
concluded  that,  in  these  adducts,  BH2I  is  sterically  similar 
to  BH^  despite  the  larger  size  of  the  iodine  compared  to  the 
hydrogen.  It  was  suggested  that  the  iodine  moiety  occupies 
a position  above  the  plane  of  the  pyridine  ring  (position  Y 
in  Figure  58),  where  steric  interactions  with  ortho  alkyl 
groups  are  minimal,  effectively  decreasing  the  size  of  the 
acid  portion  of  the  molecule.  The  same  model  is  proposed  in- 
dependently here  to  explain  charge  transfer  phenomena  of 
pyridine-iodoboranes . 


* Trimethylamine-iodoborane  may  also  exist  as  a tight  ion  pair, 
although  a charge  transfer  analysis  of  this  species  was  not 
feasible  due  to  the  lack  of  an  acceptor  moiety  within  the  mol- 
ecule with  an  electron  affinity  sufficient  to  provide  transi- 
tions at  a working  wavelength. 
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The  ion  pair  model  also  accomodates  the  conclusion  that, 
as  an  acceptor,  BH^I  is  more  sensitive  to  changes  in  the  base 
strength  of  the  pyridine  donor  than  is  BH^ • It  was  postu- 
lated that  the  greater  sensitivity  of  BH2I  to  changes  in 
the  electronic  properties  of  the  donor  could  be  attributed 
to  more  positive  charge  and/or  a more  contracted  acceptor  or- 
bital  on  the  boron  atom  of  this  acid  compared  to  BH^.  In- 
deed, the  ion  pair  model  requires  that  these  differences 
exist,  since  the  boron  atom  of  the  pyridine-iodoborane  is  ex- 
pected to  bear  a large  portion  of  the  net  positive  charge  on 
the  cationic  portion  of  the  ion  pair. 

The  ion  pair  model  for  amine-iodoboranes  is  of  central 
importance  to  the  consideration  of  the  cyclic  four-center 
transition  state  of  the  mechanism.  The  boron  atom  of  the 

r 

amine-iodoborane  ion  pair  would  have  a vacant  orbital  available 
for  the  initiation  of  the  concerted  four-center  exchange  pro- 
cess as  described  by  Lockhart.^"  Further,  Herschbach  has  con- 
cluded on  the  basis  of  molecular  beam  studies  that,  although 
concerted  four-center  exchange  cannot  occur  between  two  co- 
valently bonded  molecules,  facile  four-center  exchange  i_s 
possible  between  an  ion  pair  and  a covalent  molecule.  The 
activation  energy  for  exchange  can  be  quite  low  as  long  as 
there  is  a large  disparity  of  charge  between  the  two  atoms  of 
the  exchanging  bond  of  one  of  the  reacting  species.  The 
boron-iodine  bond  of  the  amine-iodoborane  ion  pair  meets  this 
requirement.  Facile  hydrogen-iodine  exchange  between  the  ion 
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pair  and  the  covalent  boron-hydrogen  bond  of  the  amine-iodo- 
borane  is  expected.  The  iodide  ion  would  remain  near  the 
center  of  positive  charge  in  the  transition  state  (Figure 
59)  and  would  migrate  from  boron  atom  b to  boron  atom  a as 
hydride  is  transferred  in  the  opposite  direction. 

It  is  important  to  recognize  the  distinction  between  an 
intimate  ion  pair  and  dissociated  ions  with  respect  to  kine- 
tic parameters.  As  mentioned  previously,  the  rate  law  for 
an  exchange  process  initiated  by  predissociation  of  the  bo- 
ron-iodine bond  to  the  free  ions  (reaction  sequence  75)  can 
exhibit  concentration  dependence  on  the  amine-borane  only  if 
preionization"-  is  rapid  relative  to  hydride  transfer.  In 
this  case,  the  rate  law  must  express  common  ion  rate  depres- 
sion due  to  externally  added  iodide  ion  (rate  law  77) . Al- 
though a mechanism  initiated  by  predissociation  of  the  amine- 
iodoborane  to  the  free  ions  provides  the  required  unsatura- 
tion at  boron  atom  b,  it  does  not  concur  with  the  observed 
rate  law.  By  contrast,  a reaction  sequence  proceeding  via 
an  intimate  ion  pair  (X)  as  an  intermediate  complies  with 
both  the  unsaturation  requirement  and  the  experimental  rate 
law. 

kq  _ k2,  slow 

Amine,  BH„I  ^ - Amine,  BH„  I ^-products  (93) 

b 2 k , b 2 Amine  BH, 

i.  3 j 

(X) 

The  reverse  of  the  ionization  step  is  the  return  of  the  in- 
timate ion  pair  to  the  covalently  bonded  molecules  (internal 
return)  . The  three-coordi.nate  boronium  cation  undergoes  in- 
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Figure  59,  Sp  transition  state  for  the  hydrogen-iodine  exchange  reaction  between 
substituted  pyridine-borane  and  tr imethylamine-iodoborane . 
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ternal  return  with  its  own  iodide  ion.  This  particular 
iodide  ion  is  still  closely  associated  with  the  cation  and 
is  preferentially  recaptured.  Thus,  internal  return  is  not 
affected  by  externally  added  iodide  ion  and  no  common  ion 
rate  depression  appears  in  the  theoretical  rate  law 

kl 

rate  = k9  =- — [Amine  BH~  ] [Amine,  BH0I  ] (94) 

^ a.  o d Z- 

consistent  with  the  experimental  rate  law  . The  rate-deter- 
mining step  is  the  attack  of  the  nucleophilic  amine-borane 
on  the  ion  pair.  Backside  attack  would  have  all  the  charac- 
teristics of  an  SN^  mechanism,  and  would  be  indistinguishable 
from  it  in  this  system,*  whereas  frontside  attack  would  in- 
itiate the  cyclic  process. 

r 

The  effects  of  altering  the  halogen  atom  of  the  amine- 
haloborane  on  the  rate  of  the  exchange  are  consistent  with 
both  the  SN^  and  S^,  mechanisms.  The  rate  of  exchange  in- 
creases sharply  progressing  from  chlorine  to  iodine  as  the 
halogen  on  boron.  This  trend  reflects  the  relative  leaving 
group  abilities  of  the  halide  ions  expected  on  the  basis  of 
bond  strengths  to  boron,  basicity,  and  polarizability,  as  well 
as  known  ease  of  displacement  by  other  nucleophiles.  The 
effects  of  changing  the  halogen  might  be  felt  in  the  position 
of  the  ionization  preequilibrium,  or  on  the  rate  of  hydride 


* Sneen  and  coworkers  have  demonstrated  the  intermediacy  of 
the  intimate  ion  pair  in  the  solvolysis  reactions  of  2-octyl- 
sulfonates  .86,37 
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transfer. 

A slower  rate  for  a lighter  halogen  may  be  a consequence 
of  a lower  equilibrium  concentration  of  the  ion  pair,  de- 
creasing the  K of  intimate  ion  pair  formation  and,  thus, 
the  rate  of  exchange.  Alternatively,  it  may  be  that  the 
ion  pair  is  held  more  tightly  for  a lighter  halogen,  due  to 
a stronger  coulombic  attraction  between  the  boronium  cation 
and  a smaller,  less  diffuse  halide  ion.  A tighter  ion  pair 
would  exhibit  less  unsaturation  at  boron,  and  a slower  rate 
of  nucleophilic  attack  by  the  amine-borane  is  expected.  For 
the  SF  mechanism,  the  rate  of  this  step  might  also  depend  on 
the  polarizability  of  the  exchanging  halide  ion.  A large, 
polarizable  anion  is  better  suited  for  synchronous  transfer 
from  one  boron  atom  to  the  other  as  the  distribution  of  posi- 
tive charge  shifts  in  the  transition  state. 

On  the  surface,  neither  the  SN»  or  S_  mechanism  for 

2 r 

hydrogen-halogen  exchange  appear  to  comply  with  the  insen- 
sitivity of  reaction  34  to  substitution  of  deuterium  for 
hydrogen  on  boron  (Table  5) . In  each  of  these  reaction 
schemes,  a boron-hydrogen  bond  of  the  amine-borane  is  broken 
in  the  rate-determining  step,  so  that  a primary  deuterium 
isotope  effect  might  be  expected.  The  maximum  ratio  expected 
for  the  relative  rates  of  exchange  (k  /k  ) at  35°C  is  approx- 
imately  4.4  based  on  the  complete  loss  of  ground  state  zero 

point  energy  differences  in  the  transition  state  as  determined 

93 

from  infrared  stretching  frequencies  for  amine-boranes . 
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An  even  larger  ratio  is  expected  if  the  effects  of  the  mass 
difference  of  hydrogen  and  denterium  on  the  rate  of  passage 
over  the  potential  energy  barrier  (mass  factor)  is  considered 
Nevertheless,  the  absence  of  a large  deuterium  isotope  effect 
does  not  preclude  the  possible  cleavage  of  the  boron-hydrogen 
bond  in  the  rate-determining  step.  The  results  of  isotopic 
substitution  on  boron  suggest  that  the  boron-hydrogen 
stretching  frequency  is  not  altered  in  the  transition  state, 
indicative  of  a nonlinear  activated  complex  in  which  hydride 
is  transferred  along  a reaction  coordinate  not  closely  re- 
lated to  the  boron-hydrogen  stretching  vibration  of  the 
amine-borane.  A triangular  arrangement  of  the  three  atoms 
involved  in  the  bridge  bond  would  be  required.  A bonding 
arrangement  of  this  type  is  known  to  be  attainable  as  evi- 
denced by  the  structure  of  diborane  which  has  a boron-hydro- 
, 94 

gen-boron  bond  angle  of  83°.  Hawthorne  has  postulated  a 
similar  configuration  for  the  transition  state  in  the  solvol- 
ysis reactions  of  substituted  pyridine-diphenylboranes  in 
aqueous  acetonitrile  to  account  for  the  small  isotope  effect 
of  deuterium  for  hydrogen  substitution  on  boron.  ' A non- 
linear arrangement  of  the  boron-hydrogen-boron  bond  in  the 
transition  state  is  expected  to  alter  a boron-hydrogen  bend- 
ing frequency  of  the  amine-borane.  Since  bending  frequencies 
are  smaller  than  the  corresponging  stretching  frequencies, 
a smaller  maximum  isotope  effect  is  expected  for  a nonlinear 


transition  state. 
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Wiberg  has  concluded  that  a reaction  which  displays  a 
deuterium  isotope  effect  less  than  the  calculated  maximum 
should  be  considered  a three-center  process  in  which  the 

96 

new  bond  to  hydrogen  is  formed  as  the  old  bond  is  broken. 

In  this  case,  the  difference  in  zero  point  energy  in  the 
reactants  will  be  partially  cancelled  by  a difference  in 
zero  point  energy  in  the  activated  complex.  If  the  bonding 
to  hydrogen  in  the  transition  state  is  as  strong  as  that  in 
the  reactant,  there  will  be  no  isotope  effect  attributable 
to  differences  in  zero  point  energy.  However,  the  mass 
factor  would  remain,  and  the  minimum  deuterium  isotope  effect 
of  1.4  would  be  observed.  According  to  this  analysis,  a 
deuterium  isotope  effect  near  1.0  should  be  considered  an 
inverse  isotope  effect,  indicative  of  a stronger  bond  to 
hydrogen  in  the  transition  state  than  in  the  ground  state. 
Considering  that  a boron-hydrogen  bridge  bond  of  diborane  is 
stronger  than  a terminal  boron-hydrogen  bond  by  14  Kcal/mole, 
a stronger  bend  to  hydrogen  in  a nonlinear  transition  state 
is  quite  reasonable.  Thus,  it  is  concluded  that  a bridged 
transition  state  with  a triangular  arrangement  of  the  three 
atoms  involved  in  the  bridge  is  consistent  with  the  experi- 
mental data.  The  SN„  and  S„  mechanisms  are  equally  adequate 

z r 

for  adaptation  to  this  description  of  the  activated  complex. 

Likewise,  the  insensitivity  of  the  rate  of  hydrogen- 
iodine  exchange  between  substituted  pyridine-boranes  and 
trimethy lamine- iodoborane  to  changes  in  the  steric  properties 
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of  the  pyridine  donor  (Table  6)  can  be  accommodated  by  either 
of  the  bimolecular  mechanisms  under  consideration.  The 
examination  of  molecular  models*  suggests  transition  states 
for  each  pathway  in  which  the  two  pairs  of  nonbridging  hydro- 
gen atoms  on  boron  are  cis  to  one,  another  with  respect  to  the 
boron-boron  axis  (Figures  59  and  60) . In  this  conformation, 
the  bulky  methyl  groups  of  trimethylamine-borane  are  far 
from  the  ortho  positions  of  the  incoming  pyridine  ring.  No 
steric  interactions  between  alkyl  groups  occurs  in  the  transi- 
tion state  even  for  the  bulky  ortho-t-butyl  group,  although 
boron-nitrogen  bond  rotations  may  be  restricted.  The  transi- 
tion states  for  the  two  bimolecular  pathways  are  nearly 
identical  sterically  with  respect  to  these  frontstrain  con- 
siderations. In  fact,  the  only  significant  differences  in 
the  geometries  of  the  two  activated  complexes  in  Figures  59 
and  60  are  differences  in  the  hybridization  around  boron  atom 

b,  and  in  the  position  of  the  iodine  moiety.  In  the  SN2 

2 

transition  state,  boron  atom  b is  approximately  sp  -hybridized 

with  a nitrogen-boron-bridge-hydrogen  bond  angle  of  about 

90°.  In  the  SF  transition  state,  boron  atom  b is  expected 
3 

to  be  sp  -hybridized  with  a nitrogen-boron-bridge-hvdrogen 
bond  angle  of  about  109°.  Of  more  importance,  the  iodide  ion 
exits  from  the  backside  of  boron  atom  b in  the  SN^  mechanism, 

* In  these  models,  the  boron-hydrogen-boron  bridge  bond  was 
patterned  after  that  of  diborane  with  a bond  angle  of  83°  and 
a bond  distance  of  1.33  A, 94  although  a larger  bond  angle  might 
be  expected  for  a singly  bridged  structure. 
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Figure  60.  SN?  transition  state  for  the  hydrogen-iodine  exchange  reaction  betwee 
substituted  pyridine-borane  and  trimethylamine-iodoborane . 
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whereas  .in  the  S transition  state  it  remains  in  the  vicinity 

F 

of  the  bridging  boron  atoms.  The  migration  of  the  iodide 
ion  from  boron  atom  b to  boron  atom  a in  the  S^,  transition 
state  will  not  be  hindered  by  bulky  ortho  ring  substituents 
as  long  as  the  dihedral  angle  between  the  plane  of  the  pyri- 
dine ring  and  the  plane  defined  by  boron  atom  a,  the  pyridine 
nitrogen  atom,  and  the  bridging  hydrogen  atom  is  near  90°. 

(For  clarification,  see  Figure  58  with  the  bridging  hydrogen 
atom  as  the  Y-grcup) . In  this  configuration,  the  pvridine- 
boryl  group  is  in  the  proper  orientation  for  formation  of 
the  incipient  pyridine-iodoborane  with  a structure  as  des- 
cribed previously  with  the  iodine  moiety  residing  above  the 
aromatic  ring. 

Further,  a highly  negative  activation  entropy  is  con- 
sistent with  either  of  the  bimolecular  mechanisms,  consider- 
ing the  restricted  rotations  of  boron-hydrogen  and  boron- 
nitrogen  bonds.  The  highly  structured  cyclic  transition 

state  of  the  S„  mechanism  is  particularly  acceptable  in  this 
F 

respect. 

The  effects  of  altering  the  electronic  properties  of  the 
pyridine  donor  of  the  pyridine-borane  on  the  rate  of  hydrogen 
iodine  exchange  are  presented  in  Table  6 ^2) • The  rate  of 
exchange  increases  as  the  electron-donating  ability  of  the 
para  substituent  increases,  for  donors  with  similar  steric 
requirements.  This  trend  suggests  that  the  boron  atom  of  the 
amine— borane  is  electron— deficient  in  the  transition  state. 
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However,  the  observed  substituent  effect  is  quite  small  with 
the  rate  of  the  4-methyl  derivative  only  1.67  times  that  of 
the  4-chloro  compound.  Hawthorne  observed  comparable  sub- 
stituent effects  in  the  solvolysis  reactions  of  pyridine 

adducts  of  di  (para-substituted  phenyl ) boranes  in  aqueous 
95 

acetonitrile.  It  was  concluded  that  the  small  substituent 
effects  indicated  an  only  slightly  electron-deficient  boron 
atom  in  the  transition  state.  Likewise,  it  is  proposed  here 
that  the  small  substituent  effect  observed  for  reaction  52 
suggests  that  boron  atom  a is  only  slightly  electron-de- 
ficient in  the  activated  complex  leading  to  hydrogen-iodine 
exchange . 

The  development  of  only  a small  quantity  of  positive 
charge  at  boron  atom  a in  the  transition  state  could  arise 
in  two  ways.  One  explanation  is  that  very  little  electron 
density  has  been  withdrawn  from  the  bond  between  boron  atom 
a and  the  exchanging  hydrogen  atom  in  the  transition  state  - 
i.e.  very  little  bridge  bond  formation  to  boron  atom  b occurs 
in  the  transition  state  - a contradiction  of  previous  con- 
clusions. A second,  more  tenable  rationale  is  that  there  is 
a nucleophilic  attack  by  iodide  ion  on  boron  atom  a concurrent 
with  the  loss  of  hydride  ion  from  that  center  in  the  transi- 
tion state.  Thus,  the  positive  charge  being  generated  at 
boron  atom  a is  nearly  neutralized  by  the  approach  of  the 
negative  iodide  ion. 

Hawthorne  proposed,  a concerted  nucleophilic  attack  on 
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boron  by  solvent  simultaneous  with  electrophilic  attack  on 
the  boron- hydrogen  bond  to  account  for  the  small  substituent 

35 

effects  on  the  pyridxne-diphenylborane  solvolysis  reactions. 
Similarly,  concurrent  nucleophilic  and  electrophilic  attack 
at  boron  atom  a are  proposed  here  for  the  hydrogen-iodine 
exchange  reaction.  The  processes  must  be  concerted,  neces- 
sitating frontside  displacement  of  iodide  ion  from  the  amine- 
iodoborane.  In  the  process,  the  displaced  iodide  ion 

leaves  the  reaction  center  from  the  opposite  side  of  the  in- 
coming nucleophilic  boron-hydrogen  bond,  and  consequently 
cannot  provide  concurrent  charge  compensation  at  boron  atom 
a.  In  the  S„  transition  state,  the  displaced  iodide  ion 

r 

migrates  toward  boron  atom  a and  away  from  boron  atom  b by 
about  the  same  extent.  Apparently,  the  transfer  of  iodide 
is  not  quite  as  complete  as  the  transfer  of  hydride  in  the 
transition  state,  since  substituent  effects  suggest  the 
development  of  a small  amount  of  positive  charge  at  boron 
atom  a.  As  positive  charge  is  developed  at  boron  atom  a by 
hydride  loss,  the  exchanging  iodide  ion  migrates  toward  that 
center.  A large,  polarizable  halide  ion  such  as  iodide  is 
well  suited  for  synchronous  migration  as  the  center  of  posi- 
tive charge  changes.  A slower  rate  of  exchange  for  amine- 
bromoboranes  and  amine-chloroboranes  may  reflect  inferior 
migratory  aptitudes  for  the  smaller  halide  ions. 

Additional  support  for  the  mechanism  as  compared  to 
the  S&2  mechanism  is  provided  by  the  effects  of  a change  in 
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the  polarity  of  the  reaction  medium  on  the  rate  cf  reaction 
52.  The  rate  of  the  reaction  is  essentially  unaffected  by 
changes  in  the  ionic  strength  of  the  medium  (Table  4) . In 
the  SN0  mechanism,  it  is  expected  that  there  is  a separation 
of  charge  in  the  transition  state  as  the  iodide  ion  migrates 
from  the  cationic  portion  of  the  activated  complex.  Conse- 
quently, the  reaction  rate  should  increase  as  polarity  of  the 
medium  increases.  By  contrast,  in  the  S„  mechanism  the 

r 

iodide  ion  never  leaves  the  vicinity  of  the  cation  in  the 
transition  state,  and  reaction  rate  should  be  insensitive  to 
changes  in  solvent  polarity. 

The  remarkable  difference  in  the  rate  of  hydrogen-iodine 

exchange  between  4 -methylpyridine-borane  and  4-methy lpyriaine- 

iodoborane  as  compared  to  that  for  exchange  between  4-methyl- 

pyridine-borane  and  trimethylamine-iodoborane  warrants  some 

discussion.  The  second  order  rate  constant  for  exchange  is 

approximately  10“*  times  greater  for  the  pyridine-iodcborane 

(reaction  64)  than  for  trimethylamine-iodoborane  (reaction 

36) . The  difference  in  reaction  rates  parallels  that  observed 

for  the  organic  homomorphs,  para-methylbenzyl  iodide  and 

97 

neopentyl  iodide,  in  ST^  displacements.  Nainan  and 
Ryschkewitsch  have  also  noted  a greater  reactivity  for  pyri- 
dir.e-iodoborane  than  trimethylamine-iodoborane  toward  nucleo- 
philic displacement  of  iodide  with  pyridine  donors,  especially 

9 8 

when  the  displacing  donor  has  a large  steric  requirement.^ 
There  is  no  obvious  steric  interaction  in  either  of  the  bi- 
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molecular  transition  states  (Figures  59  and  60)  for  hydro- 
gen-iodine  exchange  that  would  account  for  the  observed 
difference  in  reactivity  of  trimethy lamine-iodoborane  and 
4-methylpyridine-iodoborane . Thus,  the  difference  in  reac- 
tivity appears  to  be  electronic  in  origin. 

Resonance  stabilization  of  a trigonal  boron  cation 
might  be  advanced  as  a rationale  for  the  greater  reactivity 
of  4-methylpyridine-iodoborane  vs.  trimethylamine-iodoborane 
toward  hydrogen-iodine  exchange  with  4-methylpyridine-borane . 
Analogs  of  the  trigonal  boron  cation,  Amine^BH^"^,  that  con- 
stitutes the  positive  portion  of  the  intimate  ion  pair  de- 
rived from  the  amine- iodoborane , have  been  proposed  as  inter- 
mediates in  the  solvolysis  reactions  of  amine-trichloroboranes 
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m aqueous  ethanol,  and  in  the  reaction  of  4-methylpyridine- 
trichloroborane  with  aluminum  trichloride.’*'00  Heaton  and 
Riley  attributed  the  more  rapid  solvolysis  of  4-methylpyri- 
dine-trichloroborane  vs.  trimethylamine-trichloroborane  to 
resonance  stabilization  of  the  planar  three-coordinate  Amine^- 
CI2  cation  for  the  aromatic  donor.  No  resonance  stabilized 
cationic  transition  state  is  possible  for  the  trimethylamine 
species.  Further,  the  order  of  reactivity  of  organic  halides 
toward  hydride  abstraction  from  trimethylamine-borane  parallels 
directly  the  tendency  of  the  halocarbons  to  form  carbonium 
ions . ^ Substituents  on  carbon  capable  of  resonance 

stabilization  of  the  carbonium  ion  accelerate  the  rate  of 
hydride  abstraction. 
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Resonance  stabilization  of  the  trigonal  cation  derived 

from  a pyridine-iodoborane  would  require  that  the  cation 

2 

have  a planar  structure  with  sp  -hybridization  at  boron. 

However,  the  ^B  nmr  chemical  shift  of  4-methvlpyridine- 

iodoborane  in  methylene  chloride  solution  suggests  that  the 

trigonal  boronium  cation  is  not  planar,  and  that  the  ion  pair 

is  tightly  coordinated.  The  chemical  shift  of  4-methylpyri- 

dine-iodoborane  is  virtually  the  same  as  that  of  4 -me thy 1- 

pyridine-borane  (ca  + 30  to  + 31  ppm) . A large  negative 

chemical  shift  is  expected  for  the  boron  atom  of  a trigonal 

1 0 0 

planar  species,  particularly  if  it  is  positively  charged. 
Thus,  the  trigonal  boron  cation  of  the  ion  pair  does  not 
appear  to  be  planar,  and  the  greater  reactivity  of  aromatic 
amine  adducts  of  BH2I  cannot  be  attributed  to  resonance 
stabilization  of  the  boronium  ion.  Consequently,  the  source 
of  the  greater  reactivity  of  pyridine-ioaoboranes  as  com- 
pared to  trimethylamine-iodoboranes  is  not  immediately  ap- 
parent. 

The  rate  of  hydrogen-iodine  exchange  between  the  BH^ 
and  BH.^1  adducts  of  a given  pyridine  donor  is  relatively 
unresponsive  to  changes  in  the  base  strength  of  the  donor. 
This  observation  can  be  interpreted  in  terms  of  the  data 
presented  in  Table  6 for  the  rates  of  exchange  between  a 
pyridine  and  a trimethylamine  adduct.  As  the  base  strength 
of  Amine^  increases,  the  rate  of  exchange  increases,  and  as 
the  base  strength  of  Amine,  increases,  the  rate  of  exchange 
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decreases.  As  the  base  strength  of  the  donor  in  substituted 
pvridine-borane/pyridine-iodoborane  systems  increases,  the 
base  strengths  of  both  Amine  and  Amine,  must  increase.  The 
opposing  influences  of  changing  both  amines  cancel,  or  nearly 
cancel  each  other,  and  the  observed  rate  of  exchange  is 
essentially  constant  for  pyridine  donors  of  differing  base 
strengths . 

The  apparent  inertness  of  the  4-methylpyridine-tri- 

f luoroborane/4-methylpyr idine-iodoborane  system  to  ligand- 

ligand  exchange  merits  some  comment.  No  mixed  fluorine- 

iodine  adducts,  4-CHopvBF  I_  (n=l  or  2),  were  observed 

-*•  n o n 

after  6 hr  of  reaction  at  room  temperature  in  methylene 
chloride  (1.0  M concentrations),  and  4 hr  of  reaction  in  re- 
fluxing benzene  (0.33  M concentrations).  The  lack  of  ex- 
change might  be  kinetic  in  origin  if  the  boron  trifluoride 
adduct  is  unable  to  achieve  the  bridged  transition  state 
accessible  to  the  borane  adduct.  However,  a bridged  activated 
complex  of  this  type  should  be  obtainable  for  the  fluorine 
compound.  Singly  bridged  amineBF^-BF^  adducts  have  been  pre- 
pared at  low  temperatures  for  pyridine  and  trimethylamine 
B 1 — 

donors,  and  the  I^F^  ion  is  a stable  species  in  methylene 
chloride  solution. ' 103  Thus,  the  absence  of  mixed 
fluorine-iodine  adducts  must  be  attributed  to  thermodynamic 
rather  than  kinetic  phenomena.  Benton- Jones  observed  that 
the  reaction  of  boron  triiodide  with  4-methylpyridine-tri- 
fluoroborane  or  trimethylamine-trif luoroborane  rapidly  pro- 


24  0 


duces  mixed  adducts,  but  only  in  trace  quantities  due  to 

2 2 

unfavorable  equilibria.  It  appears  that  fluorine  and  io- 
dine do  not  readily  coexist  on  the  same  boron  atom  in  these 
adducts . 

Although  both  of  the  bimolecular  mechanisms  under  dis- 
cussion adequately  account  for  most  of  the  experimental  data, 
the  Sp  reaction  path  is  preferred  since  it  is  better  suited 
to  a description  of  the  substituent  and  solvent  effects  on 
the  rate  of  exchange.  This  preference  rests  on  the  soundness 
of  the  postulates  that  in  the  transition  state  for  hydrogen- 
iodine  exchange,  boron  atom  a is  only  slightly  electron- 
deficient,  that  the  SN2  mechanism  requires  a more  electro- 
positive boron  atom  in  the  activated  complex,  and  that  there 
is  a separation  of  charge  between  iodide  ion  and  the  bridged 
cation  at  the  energy  maximum  of  the  SN2  process.  Although 
these  hypotheses  seem  reasonable,  there  is  no  absolute  proof 
of  their  validity  presented  herein. 

Overall,  the  mechanism  is  remarkably  suited  to  the 
insensitivity  of  the  exchange  rate  to  changes  in  the  electronic 
properties  of  the  pyridine  donors.  The  reaction  may  be  viewed 
as  the  concerted  attack  of  two  nucleopiles,  the  boron-hydro- 
gen bond  of  the  amine-borane  and  the  iodide  ion,  on  the  two 
boron  atoms.  Electron-donating  substituents  on  boron  atom  b 
increase  the  nucleophilici tv  of  the  iodide  ion,  but  simultan- 
eously decrease  the  electrophilic  character  of  that  atom  to- 
ward nucleophilic  attack  by  the  boron-hydrogen  bond  of  the 
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amine-borane.  Likewise,  electron-donating  substituents  on 
boron  atom  a increase  the  nucleophilicitv  of  the  boron-hydro- 
gen  bond,  and  at  the  same  time  decrease  the  susceptibility 
of  that  boron  atom  to  nucleophilic  attack  by  iodide  ion. 
Consequently,  any  changes  in  the  donor  properties  of  one  of 
the  amines  will  have  opposing,  and  at  least  partially  can- 
celling influences  on  the  exchange  rate. 

Integral  to  the  acceptance  of  the  cyclic  four-center 
mechanism  is  the  formulation  of  the  new  concept  that  amine- 
iodoboranes  exist  as  tight  ion  pairs.  With  respect  to  the 
ion  pair  concept,  it  may  not  be  as  important  to  discuss  how 
much  the  transition  state  is  constituted  ionically  or  co- 
valently, as  it  is  to  realize  that  however  electrovalent 
the  bonds  may  be,  they  render  the  transition  state  cyclic 
so  that  substitution  retains  configuration.  Thus,  exchange 
of  hydrogen  and  iodine  between  an  optically  active  amine- 

borane  derivative.  Amine  BHXY,  and  an  optically  active  amine- 

a. 

iodoborane  derivative,  Amine^BHXI , would  proceed  with  reten- 
tion of  configuration  at  both  boron  atoms.  By  contrast,  SN2 
substitution  would  yield  inversion  of  configuration  at  boron 
atom  a,  and  inversion  or  racemization  at  boron  atom  b. 

As  boron  chemistry  is  developed,  the  ion  pair  model 
for  donor-haloborane  complexes  might  have  far-reaching  con- 
sequences in  the  elucidation  of  reaction  mechanisms  at  tetra- 
hedral boron.  The  cyclic  four-center  transition  state  may 
have  more  general  applicability  to  nucleophilic  attack  on 
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donor-haloborane  adducts,  and  to  electrophilic  attack  on 
boron-hydrogen  bonds  by  a variety  of  reagents,  particularly 
for  species  conducive  to  bridge  bond  formation.  Thus,  the 
ligand-ligand  exchange  reactions  of  amine-haloboranes  with 
free  boron  trihalides  (reaction  5)  may  proceed  via  a doubly 
bridged  transition  state  in  a concerted  process,  rather  than 
through  singly-bridged  intermediates  in  a stepwise  reaction 
as  is  generally  assumed.  The  Sp  mechanism  may  eventually  be 
integral  to  the  interpretation  of  substituent  and  sterochem- 
ical  phenomena  of  substitution  reactions  at  tetrahedral  boron. 
Further,  the  ion  pair  concept  may  ultimately  bridge  the  gap 
between  the  SISh  and  SN?  mechanisms  of  donor-haloboranes  in 
the  interpretation  of  reactions  with  intermediate  character- 
istics, occupying  a position  of  significance  comparable  to 

that  the  model  has  achieved  in  the  discussion  of  the  nucleo- 

73  85—88 

philic  substitution  reactions  of  organic  halides.  ' 

Donor-Halogen  Exchange  Reactions 
Kinetics  of  Bi s (pyridine) boronium  Iodide  Formation 

As  part  of  a mechanistic  investigation  of  the  reaction 
of  substituted  pyridine-boranes  with  the  corresponding  pyri- 
dine- iodoboranes  to  form  bis (pyridine) boronium  iodides  and 
diborane  (reaction  43) , a kinetic  study  of  the  reaction  was 
undertaken.  Rate  parameters  were  sought  in  an  attempt  to 
ascertain  if  a dissociative  or  nondissociative  process  were 
involved.  The  reaction  is  expected  to  follow  a rate  law  of 
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the  form 

-d  [ R-pyBH,  ] d[  (R-py)  BH  ‘rl“] 
rate  (V)  = 

dt  dt 


k[R-pyBh'jq  [R-pyBH„I]r  = k(a  -x)q(b  -x)r  (95) 

^ £ o c 


where  aQ  and  bQ  are  the  initial  concentrations  of  the  sub- 
stituted pyrid ine-borane  ana  pyridine-iodoborane , respectively; 
x is  the  concentration  of  each  reactant  consumed  at  time  t; 
q and  r are  the  order  of  the  reaction  with  respect  to  the  sub- 
stituted pyr idine-borane  and  pyridine-iodoborane,  respectively; 
and  k is  the  rate  constant.  When  the  initial  concentrations 
of  the  reactants  are  equal,  the  integrated  rate  expressions 

for  overall  first  and  third  order  rate  dependence  are,  res- 

. . . 69 

pectively : 


k^t  = In 


aQ-x 


(96) 


and 


1 2a  x-x' 


k3t  = - 


2 a z (a  -x) 
o o 


(97) 


Equation  61  is  the  integrated  second  order  rate  expression. 

For  4-methyl  substitution,  the  progress  of  the  reaction 
was  monitored  in  benzene  at  60.0°C  by  1H  nmr  integration. 

The  resulting  4-methylpyridine-borane  concentration  vs. 
time  data  are  presented  in  Table  8.  The  data  were  analyzed 
by  the  integral  graphical  and  tabular  methods.69  In  the 
tabular  method  of  analysis.,  concentration  and  time  data  were 


substituted  into  the  integrated  rate  expressions  and  values 


244 


of  k^,  k^,  and  k^  were  calculated  for  each  sample.  The 
results,  including  relative  standard  deviations  (Sr) , are 
presented  in  Table  8 for  each  integrated  rate  expression. 
Integral  graphical  plots  of  the  same  data  are  presented  in 
Figures  33  through  35.  The  least  squares  slopes  of  these 
plots  provide  values  for  the  respective  rate  constants.  For 
any  of  the  proposed  rate  expressions,  a narrow  range  of  the 
95%  confidence  limits  and  an  intercept  through  the  origin  of 
the  least  squares  plot,  and  a low  value  for  the  relative 
standard  deviation  for  the  tabular  calculations,  would  be 
indicative  of  its  applicability  to  the  reaction  under  study. 

The  results  presented  in  Table  8 and  Figures  33  and  35  clearly 
demonstrate  that  the  first  and  third  order  rate  expressions 
are  not  applicable. 

For  the  second  order  rate  expression,  it  is  notable  that 
although  the  relative  standard  deviation  is  high  for  the 
tabular  method  (Sr  = 27.4%),  the  deviations  of  the  data  points 
from  the  least  squares  plot  in  Figure  34  are  relatively  small 
(95%  confidence  limits  = 4.0%).  Furthermore,  the  least 
squares  slope  determination  of  k 2 (8.40  x 10-5  M-1  sec-1)  is 
significantly  less  than  the  mean  value  of  the  tabular  method 
(1.05  x 10  M sec  J')  , even  though  both  rate  constants 
were  calculated  from  the  same  data.  The  nature  of  Figure  34 
suggests  the  presence  of  a constant  determinate  error  which 
displaces  each  data  point  upward  by  the  same  constant  amount.1^ 
The  suspec ced, constant  error  was  quantitatively  correlated 
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with  a signal  appearing  at  118  Hz  in  the  H nmr  spectrum 
of  the  initial  reaction  mixture  before  heating  (Figure  53) . 
This  resonance  was  identified  as  a signal  of  supersaturated 
bis  (4-methylpyridine)  boroni um  iodide,  which  had  been  formed 
rapidly  at  room  temperature  before  the  reaction  mixture  was 
heated  to  60.0°C.  Thus,  the  reaction  had  progressed  6.9% 
toward  the  products  before  heating  was  initiated  at  time 
zero.  Consequently,  the  concentrations  of  the  starting 
materials  at  time  zero  were  in  actuality  less  than  0.500  M 
by  6.9%  (0.035  M) , and  the  concentrations  of  starting  mater- 
ials reacted  at  time  t were  actually  less  by  the  same 
quantity.  The  effects  of  such  an  error  on  the  results  of 
the  integral  graphical  method  would  appear  as  a constant 
upward  displacement  for  each  data  point.  However,  the  effect 
on  the  results  of  the  tabular  method,  which  is  a ratio  of 
calculation,  would  be  considerably  different  (cf  the  appendix 
for  more  detail) . 

To  compensate  for  the  effects  of  the  constant  determin- 
ate error  on  the  kinetic  results,  the  second  order  calcula- 
tions were  repeated  for  initial  concentrations  of  the  re- 
actants of  0.500-0.035  = 0.465  M.  This  adjustment  also 
corrected  the  concentration  of  starting  materials  reacted  at 
time  t to  the  proper  value  relative  to  time  zero.  The  re- 
sults of  second  order  calculations  by  this  modified  procedure 
are  presented  in  Table  8 (k9 ' ) and  Figure  36.  The  relative 
standard  deviation  (Sr  = 5,84%)  for  the  tabular  calculations 
is  considerably  less  than  that  for  the  unmodified  procedure 
(Sr  = 27.4%).  Further,  the  values  of  the  second  order  rate 
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constant  calculated  by  the  tabular  and  integral  graphical 

methods  are  in  good  agreement  for  the  modified  procedure 

(8.14  x 10  ^ M ~ sec  ^ , and  8.40  x 10  ^ M ~ sec  ^)  , but  not 

for  the  unmodified  method  (1,06  x 10  M ^ sec"\  and  8.4  0 
- s - 1 - 1 

x 10  ' M sec  ).  Finally,  it  is  noteworthy  that  an  extrap- 
olation of  Figure  36  passes  through  the  origin,  whereas 
an  extrapolation  of  Figure  34  does  not. 

The  results  discussed  above  indicate  that  the  boronium 
iodide  salt  is  formed  at  a high  initial  rate,  followed  by  a 
much  slower  rate,  adhering  to  second  order  kinetics,  after 
approximately  13%  reaction.  The  initial  rate  of  the  reaction 
is  high  even  near  room  temperature,  as  illustrated  by  the 
unexpectedly  rapid  attainment  of  the  mixture  presented  in 
Figure  53.  Similar  phenomona  were  observed  for  the  same 
reaction  in  methylene  chloride  at  25°C.  The  second  order 
rate  constants  calculated  by  the  tabular  method  (Table  9) 
declined  significantly  as  the  extent  of  reaction  increased, 
whereas  the  fit  of  the  integral  graphical  plot  was  consider- 
ably better  (Figure  37).  As  before,  the  plot  is  a straight 
line  that  does  not  pass  through  the  origin,  suggesting  the 
presence  of  a constant  determinate  error  displacing  each  data 
point  upward  by  the  same  amount.  Again,  the  results  are 
indicative  of  a relatively  rapid  reaction  during  the  initial 
stages,  followed  by  a slower  rate  obeying  second  order  kinet- 
ics over  the  remainder  of  the  reaction. 

Similar  results  were  observed  when  the  course  of  the 
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reaction  was  followed  by  the  isolation  of  the  boronium 
iodide  precipitate  (Table  11  and  Figure  33).  Agaj.n,  the 
relative  standard  deviation  for  the  tabular  calculations  of 
the  second  order  rate  constant  (Sr  =15.1%)  is  large  com- 
pared to  the  deviations  of  the  data  points  from  the  least 
squares  plot  (95%  confidence  limits  = 9.1%).  Further,  the 
mean  value  of  the  second  order  rate  constant  calculated  by 

— 4 ~ 

the  tabular  method  (l^  = 2.05  x 10  M sec  ) is  signif- 
icantly greater  than  that  determined  from  the  same  data  by 

_ 4 ^ ^ — 2. 

the  graphical  method  (k^  = 3-. 54  x 10  M sec  ).  Finally, 
Figure  38  has  the  same  appearance  as  Figure  34  in  that  an 
extrapolation  of  the  least  squares  plot  does  not  pass  through 
the  origin.  These  similarities  suggest  that  the  precipita- 
tion procedure  is  also  subject  to  a constant  determinate 
error  which  displaced  each  of  the  integral  graphical  data 
points  upward  by  the  same  amount.  As  before,  this  error  is 
attributed  to  the  formation  of  a significant  amount  of  the 
bis  (4-methylpyrridine)  boronium  iodide  at  room  temperature 
before  any  heating.  Although  no  spectral  evidence  was  avail- 
able in  this  case  to  provide  an  estimate  of  the  magnitude  of 
the  error,  it  could  nevertheless  be  deduced  from  the  inter- 
cept at  time  zero  in  Figure  38  as  7 . 0%  reaction  before  any 
heating.  To  compensate  for  the  effects  of  this  constant 
determinate  error  on  the  kinetic  results,  the  second  order 
calculations  were  repeated  for  an  initial  concentration  of 
each  reactant  ecus!  to  0.093  M,  and  for  the  concentration  of 
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starting  material  reacted  at  time  t reduced  by  0.007  M. 

The  results  of  second  order  calculations  by  this  modified 
procedure  are  presented  in  Table  11  and  Figure  39  (k^ ' ) - 
Once  again,  a comparison  of  the  modified  and  unmodified 
second  order  calculations  is  indicative  of  a high  initial 
rate  of  reaction  followed  by  a slower  rate  that  obeys  second 
order  kinetics.  Thus,  it  can  be  concluded  that  reaction  44 
follows  an  overall  second  order  rate  law  after  approximately 
10  to  15%  reaction. 

To  determine  the  order  of  the  reaction  with  respect  to 
each  reactant  over  the  same  reaction  interval,  kinetic  runs 
were  conducted  with  unequal  initial  concentrations  of  the 
starting  materials.  Tabular  second  order  calculations  were 
made  for  three  possible  second  order  rate  expressions:  first 

order  in  each  reactant  (q  = r = 1) ; second  order  in  4-methyl- 
pyri dine-borane  and  zero  order  in  4-metnylpyridine-iodoborane 
(q  = 2,  r = 0);  and  zero  order  in  4-methyipyridine-borane  and 
second  order  in  4-methylpyr idine-iodoborane  (q  = 0,  r = 2) . 
The  results  presented  in  Table  12  clearly  demonstrate  that 
a rate  lav/  expressing  first  order  dependence  with  respect  to 
each  reactant  is  the  most . appropriate . 

rate  = k2 [ 4-CH3pyBH3 ] [ 4-CH3pyBH2I ] (98) 

However,  it  must  be  recognized  that  this  rate  law  applies 
only  after  10  to  15%  reaction  has  occurred.  The  initial  rate 
of  reaction  is  considerably  faster  and  obeys  a different  rate 
law  (vide  infra) . 
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A decline  in  reaction  rate  as  reaction  extent  increases 
suggests  the  possible  influence  of  the  reverse  reaction 
(reaction  99)  as  equilibrium  is  approached. 

(4-CH3py)  2BH2+  + I~  + 1/2  + 4-CH3pyBK  + 

4-CH3pyBH2I  (39) 

This  possibility  was  rejected  since  a concentrated  solution 
of  bis (4-methylpyridine) boronium  iodide  in  methylene  chloride 
under  a pressure  diborane  (ca  22  atm;  100%  excess)  reacted 
less  than  4%  according  to  equation  99  after  6 days  at  room 
temperature.  Thus,  reaction  99  is  much  too  slow  to  account 
for  the  decline  in  the  second  order  rate  constants  for  the 
reverse  reaction  (Table  9) , where  a significant  decline  in 
the  rate  constant  was  observed  after  4-5  hr  of  reaction, 
even  though  the  concentrations  of  the  boronium  iodide  and. 
diborane  were  considerably  smaller. 

Alternatively,  the  high  initial  rate  followed  by  a 
slower  reaction  might  be  attributed  to  inhibition  of  the 
reaction  by  one  of  the  products.  However,  since  the  reaction 
obeys  second  order  kinetics  after  the  initial  period,  the 
inhibitor  must  be  one  whose  concentration  increases  during 
the  early  stages  of  the  reaction  and  then  becomes  constant 
after  saturating  the  reaction  mixture.  After  achieving 
saturation,  the  concentration  of  the  inhibitor  would  be  in- 
variant and  the  experimental  rate  law  would  express  no  depen- 
dence on  it.  Since  diborane  is  a gas,  it  would  be  expected 
to  saturate  the  reaction  mixture  after  an  initial  small  extent 
of  reaction  in  noncoordinating  solvents  such  as  benzene  and 
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methylene  chloride.  A similar  statement  cannot  be  made 
with  respect  to  the  other  product,  the  bis (4— methylpyridine) — 
boronium  iodide,  which  is  very  soluble  in  methylene  chloride. 
The  rate  of  the  reaction  was  unaffected  by  externally  added 
bis (4-methylpyridine) boronium  iodide,  so  that  no  inhibition 
by  this  product  occurred.  Further,  in  benzene,  no  correla- 
tion was  observed  between  the  rate  of  the  reaction  and  the 
concentration  of  supersaturated  boronium  iodide.  The  results 
presented  in  Figure  40  demonstrate  that  the  reaction  is,  in 
fact,  inhibited  by  diborane.  The  initial  rate  of  reaction 
for  a sample  with  externally  added  diborane  was  approximately 
one-fourth  of  that  of  a control  sample  with  no  added  diborane. 

Thus,  it  is  apparent  that  the  complete  rate  law  for  the 
reaction  should  express  dependence  on  diborane  concentration, 
rate  (V)  = k [4-CH3pyBH3]  [4-CH3pyBH2I]  [E^Hg] S (100) 

where  s,  the  order  with  respect  to  diborane,  must  be  negative. 
Rearranging  and  taking  logarithms , equation  100  becomes 

V 

leg = log  k + s log[B2H  ] (101) 

[4-CH3pyBH3] 2 

when  the  initial  concentrations  of  the  reactants  are  equal. 

V 

Thus,  a plot  of  log  vs.  log  [B^g]  will  have  a 

[4-CH3pyBH3] 2 

slope  of  s,  the  order  of  the  reaction  with  respect  to  diborane 

The  instantaneous  rate  (V)  of  the  reaction  was  monitored  at 

20.0°C  in  a mixed  solvent  system  as  a function  of  diborane 

1 

concentration  by  combined  H hmr  and  pressure  data.  The  re- 
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suits  (Table  13  and  Figure  43)  indicate  that  the  reaction  is 
approximately  negative  one-half  order  with  respect  to  di- 
borane  (s  = -0.51) , with  the  complete  rate  law 
[4-CH3py3H3]  [4-CH3pyBH2I ] 


rate 


k - 


[S2h6] 


1/2 


(102) 


Thus,  rate  law  98  is  a pseudo  second  order  rate  law  ob- 
served in  systems  in  which  the  concentration  of  diborane  is 

k 

constant,  and  k0  = . Pseudo  second  order  kinetics 

2 [B2H6]l/2 

are  observed  in  reaction  systems  open  to  atmospheric  pressure, 
once  the  reaction  mixture  becomes  saturated  with  diborane. 


The  high  initial  rate  of  reaction  in  such  systems  is  .easily 
understood.  During  the  early  stages  of  reaction,  the  concen- 
tration of  diborane  is  low,  so  its  inhibitive  influences  are 
less.  As  the  reaction  proceeds,  the  concentration  of  di- 
borane steadily  increases,  and  consequently  the  pseudo  second 
order  rate  constant  steadily  decreases  (cf  Tables  8,  9,  and 
11)  until  the  solution  becomes  saturated  with  the  gas. 
Thereafter,  pseudo  second  order  kinetics  are  observed. 

Activation  parameters  were  estimated  for  the  reaction 
from  an  Arrhenius  plot  of  the  pseudo  second  order  rate  con- 
stants at  23°,  60.0°,  and  70.0°C  in  benzene  (Figure  61)  . 

An  activation  enthalpy  of  20  Kcal/mole  and  an  activation  en- 
tropy of  -21  cal/mole  deg  were  determined. 

Mechanism  of  Bis (pyridine) boronium  Iodide  Formation 

As  for  ligand-ligand  exchange  reactions,  the  reaction  of 
a substituted  pyridine-borane  with  the  corresponding  pyridine- 
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61.  Arrhenius  plot  for  formation  of  bis (4-methylpyridine) boronium  iodide 


253 


iodoborane  to  produce  diborane  and  a bis (pyridine) boronium 
iodide  salt  might  be  expected  to  proceed  via  a dissociative 
or  a nondissociative  pathway.  Reaction  schemes  initiated  by 
homolytic  cleavage  to  form  a negatively  charged  boron  frag- 
ment (reaction  71)  are  not  viable  by  reasoning  analogous  to 
that  discussed  for  hydrogen-halogen  exchange.  Heterolytic 
cleavage  of  the  boron-iodine  bond  to  form  a three-coordinate 
boronium  cation  and  iodide  ion  can  also  be  eliminated  from 
consideration,  since  the  experimental  rate  law  (equation  102) 
expresses  concentration  dependence  on  the  amine-borane  without 
common  ion  rate  depression  by  iodide  ion. 

Reaction  mechanisms  initiated  by  the  heterolytic  cleavage 
of  a coordinate  boron-nitrogen  bond  (reaction  68)  can  also  be 
excluded  on  kinetic  grounds.  The  coordinate  bond  enthalpies 
of  borane  and  iodoborane  with  2 , 6-dimethylpyridine  are  approx- 
imately 2 Kcal/mole  less  than  those  with  4-methylpyridine 
(Table  20) . Activation  enthalpies  for  a reaction  path  initi- 
ated by  the  cleavage  of  the  coordinate  bond  in  the  slow  step 
should  reflect  this  difference,  and  assuming  similar  Arrhenius 
preexponential  factors,  the  reaction  rate  for  the  2,6-dimethyl- 
pyridine  system  should  be  approximately  thirty  times  greater 
than  that  of  the  4-methylpyridine  derivative.  To  the  contrary, 
the  observed  rate  for  2,6-dimethyl  substitution  is  approximate- 
ly six  times  slower  than  the  rate  for  4-methylpyridine  substi- 
tution (Table  14).  Further,  the  estimated  activation  enthalpy 
for  the  4-methylpyridine  system  {20  Kcal/mole)  is  considerably 
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less  than  the  coordinate  bond  enthalpy  of  4-methylpyridine 
wx tn  borc.ne  (33  Rcal/mole  ) , which  is  the  lower  limit  for 
the  activation  enthalpy  for  a reaction  initiated  by  cleavage 
of  the  boron-nitrogen  bond  in  4-methylpyr idine-borane . 

Additional  evidence  against  predissociation  of  the 
boron-nitrogen  bond  is  provided  by  the  solvolysis  data  of 
Ryschkewitsch  and  Birnbaum.  Extrapolation  of  the.ir  kinetic 
data  predicts  a half-life  of  approximately  600  hr  for  the 
propanolysis  of  4-methyipyridine-borane  at  25°C.  A half- 
life  of  16  hr  for  reaction  44  was  calculated  from  the  initial 
rate  of  bis (4-methylpyridine) boronium  cation  formation  in 
methylene  chloride  at  25°C  (Table  9).  Thus,  the  rate  of  the 
reaction  under  discussion  here  is  considerably  greater  than 
that  allowable  for  a process  initiated  by  heterolytic  cleavage 
of  the  boron-nitrogen  bond  in  the  amineborane , despite  un- 
favorable solvation  effects  in  methylene  chloride  vs.  n-pro- 
panoi.  Since  iodoborane  is  a stronger  acceptor  toward 
amines  than  borane,  reaction  paths  initiated  by  cleavage  of 
the  boron-nitrogen  bond  in  the  amine- iodoborane  can  be  ex- 
cluded on  similar  grounds. 

r urther  support  of  the  exclusion  of  a reaction  mechanism 
with  predissocxation  of  a boron-nitrogen  bond  in  the  first 
step  is  provided  by  a comparison  of  the  relative  reactivities 
of  4-methylpyr idine-borane  and  4-methylpyridine— trifluoro— 
borane  toward  boronium  cation  formation  with  4-methylpyridine- 
iodoborane . 
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4-CH3pyBX3  + 4-CH3pyBH2I  - (4-CH3py)  + 

EX3(X  = H,  F)*  (103) 

A dissociative  process  would  be  initiated  by  the  cleavage  of 
the  coordinate  boron-nitrogen  bond  (reaction  104) , followed 
by  nucleophilic  displacement  of  iodide  ion  from  the  amine-io- 
doborane  by  free  amine  in  the  second  step  (reaction  105) , 
resulting  in  a net  reaction  with  the  observed  stoichiometry 
(reaction  103) „ 

4-CH3pyBX3  + 4-CH3py  + BX3  (104) 

4-CH3py  + 4-CH3pyBH2I  -*•  (4-CH3py ) 2BH2I-  (105) 

The  second  step  in  the  reaction  sequence  is  independent  of  the 
nature  of  4-CH3pyBX3,  and  thus  the  relative  reactivities  of 
4-methylpyridine-borane  and  4-methylpyridine-trif luorcborane 
reflect  their  relative  tendencies  to  undergo  the  first  step  in 
the  sequence  - cleavage  of  the  dative  boron-nitrogen  bond. 

Figure  62  presents  energy  level  diagrams  for  coordinate 

bend  formation  between  dissolved  4-methylpyridine  and  gaseous 

monomeric  Lewis  acid  to  form  solvated  adduct  (coordination  en- 

thaipv  = AH  , . , . ) . 

coordination 

4-CH-.py . . . + BX-,  . , -»■  4-CH0pyBX0  , , > (106) 

3"Msoln.)  3(g)  3^J  3(soln.) 

Fridmann^^  and  Smith^*^  have  demonstrated  that  the  reactions 
of  amine  donors  with  boron  trifluoride  and  monomeric  borane 
proceed  without  activation  energy.  Thus,  there  is  no  energy 
hump  along  the  reaction  coordinate  for  adduct  formation  from 

* In  the  case  of  4-methylpyridine~borane , the  free  Lewis 
acid  is  dimeric  (l/2B0Hf ) . 
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BF-.  , , + 4-CH.  py  , 

3 yg)  3-  -*  isoin. > 


'f 


^coordination 
-33.4  Kcal/rnole 


AH'  for  coordinate 
bond  cleavage  = 33.4 
Kcal/mole 


* 


4 -CH^pyBF 3 . 


soln. 


BH3 (q)  + 4"CH3PY 

(soln. ) 

A 
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1 

i 
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16.3  Kcal/mole 
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Figure  62.  Energy  level  diagrams  for  coordinate  bond 
tion  and  cleavage  for  the  borane  and  trif luoroborane 
of  4 -me rhylpyridine  in  nitrobenzene  at  25°C. 


forma - 
adducts 
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the  free  Lewis  acid  and  Lewis  base.  The  reverse 
lie terolytic  cleavage  of  the  boron— nitrogen  bond. 


reaction , 
proceeds 


along  the  sane  reaction  coordinate  with  an  energy  max inrun 
identical  to  that  for  adduct  formation.  Thus,  the  activation 
enthalpy  for  the  heterolytic  cleavage  of  the  boron-nitrogen 
dative  bond  is  equal  in  magnitude  and  opposite  in  sign  to  the 
coordination  enthalpy  of  the  adduct.  The  significance  of:  this 
analysis  is  that  it  is  possible  to  determine  the  relative 
activation  enthalpies  required  for  the  cleavage  of  the  dative 
bond  for  two  adducts  directly  from  a comparison  of  their 


respective  coordination  enthalpies. 


The  enthalpy  values  in  Figure  62  refer  to  nitrobenzene  as 

a solvent  and  a temperature  of  25°C,  and  all  quantities  were 

taken  directly  or  calculated  from  the  thermochemical  data  of 
63  67 

Brown,  ' except  for  the  symmetrical  dissociation  enthalpy 


of  diborane. 


B„H 


AH 


2 6 v 


2 BH. 


(107) 


Some  controversy  exists  concerning  the  correct  value  of  this 
dissociation  enthalpy,107'110  but  a lower  limit  of  32.5  Kcal/mole 
is  compatible  with  the  results  of  all  of  these  investigations. 
Thus,  a value  of  16.3  Kcal/mole  will  be  employed  as  the  disso- 


.ciation  enthalpy  of  diborane  per  mole  of  borane  formed.  Any 
higher  value  only  serves  to  amplify  the  conclusions  of  the 
ensuing  discussion. 

In  order  to  ascertain  the  enthalpy  of  coordination  of 
monomeric  borane  with  4 -methyl pyridine,  it  is  necessary  to  com- 
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pens ate  Brown's  enthalpy  of  reaction  with  diborane  (-18.5 
Kcal/mole)  for  the  dimerization  enthalpy  of  borane  (-16.3 
Kcal/mole) . Thus,  the  activation  enthalpy  (AH^)  for  the  re- 
verse .reaction,  cleavage  of  the  coordinate  boron-nitrogen 
bond  in  4 -me thy Ipyridine-borane , becomes  +34.8  Kcal/mole. 

The  coordination  enthalpy  for  the  reaction  of  gaseous  boron 
trifluoride  with  dissolved  4-methylpyridine  is  -33.4  Kcal/' 
mole,  so  that  the  activation  enthalpy  for  the  cleavage  of  the 
dative  bond  in  4-methylyridine-trif luoroborane  is  +33.4  Kcal/ 
mole . 

Although  these  activation  enthalpies  apply  to  reactions 
at  25°C,  their  relative  values  are  not  expected  to  be  sig- 
nificantly different  at  80°C,  the  temperature  employed  herein. 
Consequently,  the  activation  enthalpy  for  boron-nitrogen 
bond  cleavage  should  be  less  for  4-methylpyridine-tr if luoro- 
borane  than  for  4-methylpyridine-borane , and  a faster  rate  of 
boronium  cation  formation  would  be  expected  on  reaction  with 
4 -methylpyridine-iodoborane  for  the  former  species,  if  a 
dissociative  process  occurred.  To  the  contrary,  more  boro- 
nium iodide  was  isolated  for  the  4-methylpyridine-borane  sys- 
tem (89.2%  yield)  than  for  the  4-methylpyridine-trif luorc- 
borane  system  (14.7%  yield)  under  identical  reaction  condi- 
tions. Thus,  the  formation  of  the  products  via  a mechanism 
initiated  by  boron-nitrogen  bond  cleavage  can  be  eliminated 
as  a major  pathway. 

The  foregoing  analysis  is  subject  to  some  qualification 
since  the  pertinent  reactions  examined  herein  were  conducted 
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in  benzene  rather  than  nitrobenzene  as  a solvent,  and  since 
the  free  boron  Lewis  acid  should  be  solvated  rather  than 
gaseous  m the  transition  state.  Solvation  effects  should 
be  examined  with  respect  to  the  free  Lewis  base,  the  free 
Lewis  acids,  and  the  adducts.  Any  difference  in  solvation 
enthalpy  for  the  donor,  4-methy lpyridine , in  benzene  vs. 
nitrobenzene  would  be  the  same  for  both  the  4-methy lpyridine- 
borane  and  4-methy lpyridine-trif luoroborane  systems  and  would 
not  influence  the  relative  solvation  enthalpies  or  rates. 

Both  of  the  dipolar  adducts  are  expected  to  be  solvated  less 
in  benzene  than  in  the  more  polar  solvent,  nitrobenzene. 
However,  the  decrease  in  activation  enthalpy  due  to  lesser 
solvation  in  benzene  should  be  greater  for  the  boron  tri- 
fluoride adduct  since  it  is  expected  to  be  more  polar  than 
the  borane  adduct.  Thus,  inclusion  of  solvent  effects  of 
this  type  would  intensify  the  validity  of  the  analysis.  Al- 
though the  transition  state  for  the  reaction  under  discussion 
would  surely  involve  solvated  rather  than  gaseous  Lewis  acid, 
solvent  effects  of  this  nature  would  be  significant  only  if 
borane  is  solvated  considerably  more  than  boron  trifluoride. 

A nonpolar  solvent  such  as  benzene  is  not  expected  to  solvate 
either  Lewis  acid  significantly.  The  solvation  enthalpy  of 

borane  in  the  donor  solvent,  nitrobenzene,  is  only  3.3  Kcal/ 

. 63 

mole,  and  a considerably  smaller  value  is  probable  for  the 
noncoordinating  solvent,  benzene.  Thus,  it  is  highly  unlikely 
that  preferential  solvation  of  borane  vs.  boron  trifluoride 
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of  the  magnitude  (ca  3.0  Kcal/mole)  necessary  to  invalidate 
the  present  discussion  occurs. 

Consequently,  a consideration  of  solvent  effects  does 
not  alter  the  conclusion  that  the  boronium  iodide  is  not 
formed  by  predissociation  of  a boron- nitrogen  bond  as  a major 
reaction  path.  Only  a much  higher  activation  entropy  for  the 
4-methyipyridine-trif luoroborane  system  vs,  the  4-methyl- 
pyridine-borane  system  could  affect  this  analysis. 

Consequently,  it  is  apparent  that  the  reaction  proceeds 
via  a bimolecular  collision  in  the  transition  state.  Boron- 
nitrogen  bond  cleavage  must  be  synchronous  with  bond  forma- 
tion to  the  same  boron  atom.  Simultaneous  bond  cleavage  and 
formation  are  consistent  with  an  activation  enthalpy  less 
than  the  enthalpy  of  the  coordinate  bond.  Hawthorne  has 
observed  activation  enthalpies  less  than  the  coordinate  bond 
enthalpies  of  amine-borane  adducts  when  the  amine  is  dis- 
placed by  a second  donor  molecule  via  attack . 

In  the  current  study,  nucleophilic  displacement  of  an 
amine  donor  by  the  iodide  ion  of  a dissociated  ion  pair  can 
be  excluded  from  consideration  since  no  rate  depression  was 
observed  with  externally  added  iodide  ion.  Thus,  the  most 
powerful  available  nucleophile  in  the  reaction  system  is  the 
boron-hydrogen  bond  of  the  pyridine-borane . The  borcn-hydro- 
gen  bonds  cf  an  amine-haloborane  are  less  reactive  toward 
electrophiles  than  those  of  the  corresponding  amine-borane. 
The  relative  propensities  toward  boronium  cation  formation  of 
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a mixture  of  4-methylpyridine--borane  and  4-methylpyridine- 
iodoborane  vs.  4-methylpyridine-iodoborane  alone  can  be 
understood  in  these  terms.  Under  conditions  which  resulted 
in  90%  boronium  iodide  formation  for  the  mixture,  the  amine- 
iodoborane  system  produced  less  than  3%  of  the  salt.  The 
boron-hydrogen  bonds  of  the  amine-borane  are  more  nucleophilic 
than  those  of  an  amine-icdoborane , and  therefore,  are  better 
suited  for  nucleophilic  displacement  of  a donor  molecule  from 
an  adduct. 


R- 


H 

pyB- 

H 


? 

I 

I 


(XI) 


R-py 


A transition  state  of  this  type  might  be  formed  by  the 
reaction  of  two  molecules  of  the  pyridine-borane  or  one  each 
of  the  pyridine-borane  and  the  pyridine-iodoborane . In 
either  event,  the  displacement  of  the  neutral  pyridine 
donor  from  boron  by  the  hydride  moiety  from  the  boron-hydro- 
gen bond  of  the  pyridine-borane  molecule  would  result  in  the 
formation  of  a borohydride  type  anion  as  the  counterion  of 
the  boronium  cation. 

R-pyBH3  + R-pyBH2Y  -*■  (R-py) 2BH2+  + BH3Y~  (103) 

(Y  = H,  I) 

In  either  event,  further  reaction  would  produce  the  boronium 
iodide  and  diborane.  The  iodoborohydride  anion  that  would 
result  from  the  reaction  of  one  molecule  each  of  the  pyridine- 
borane  and  the  pyridine-iodoborane  is  expected  to  be  unstable 
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with  respect  to  decomposition  to  diborane  and  iodide  ion. 

BE3X  ■*“  V2  B2H6  + l"  (109) 

-'•he  xodoborohydride  anion  has  never  been  isolated,  presumably 

due  to  the  instability  with  respect  to  the  above  decomposition 

reaction.  moeed , diborane  and  i odide  ion.  are  the  observed 

products  from  the  reaction  of  iodine  and  borohydride  ion, 

although  iodoborohydride  anion  is  expected  to  be  the  initial 

112 

reaction  product. 

Likewise,  the  borohydride  anion  could  undergo  subsequent 
reaction  to  form  diborane,  although  not  via  simple  decomposi- 
tion as  for  the  iodoborohydride  anion.  The  borohydride  anion 
is  considerably  more  stable  to  decomposition  presumably  due 
to  the  absence  of  an  easily  displaced  anion  on  boron.  How- 
ever, borohydride  ion  might  react  with  the  pyridine-iodoborane 
moiety  that  is  also  present  to  form  the  observed  products. 
Considering  the  reactivity  of  pyridine-iodoboranes  toward  the 
boron- hydrogen  bonds  of  amine-boranes  (hydrogen- iodine  ex- 
change) , it  is  quite  reasonable  to  expect  that  the  superior 
hydride  donor,  borohydride  ion,  should  be  very  reactive  to- 
ward a pyridine-iodoborane  molecule. 

3H4  + R-pyBH2I  BH-jl"  + R-py3H3  (110) 

Subsequent  decomposition  of  the  iodoborohydride  anion  would 
form  the  observed  products.  Indeed,  4-chloropyridine-borane 
and  diborane  were  observed  as  products  from  the  reaction  of 
borohydride  ion  and  4-chloropyridine-iodoborane.  Thus,  the 
net  reaction  of  two  molecules  of  the  pyridxne-borane  to  pro- 
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duce  bis (pyridine) boronium  borohydride  as  an  intermediate 
followed  by  subsequent  reaction  with  the  pyridine-iodoborane 
is  consistent  with  the  observed  stoichiometry  (reaction  43) . 


^ 1 v + - 

2R_pyBH-j  (R-py)0BH2'  + BH^ 


(111) 


V-1 


BFI 


^ + R-pyBH^I 


■>  1/2  B„Hg  + I + R-pyBH3 


However,  such  a reaction  path  is  incompatible  with  the 
experimental  rate  law  (equation  102) , In  order  to  exhibit 
rate  dependence  with  respect  to  the  pyridine-iodoborane,  the 
second  step  of  the  process  must  be  rate-determining.  Based 
on  a steady  state  treatment  of  the  intermediate  borohydride 
ion,  the  rate  law  for  such  a mechanism  is 


k]_k2  [R-pyBH3]  2 [R-py3H2I] 

rate  = — (112) 

k2[r-pyBH2I]  + k_x [ (R-py) 2BH2  ] 


Consequently,  to  comply  with  the  observed  first  order  rate 
dependence  with  respect  to  the  pyridine-iodoborane,  the  rate 
law  would  have  to  be  second  order  with  respect  to  the  pyri- 
dine-borar.e  with  inhibition  by  the  boronium  cation.  Neither 
of  these  conditions  is  consistent  with  the  observed  rate 
law  which  is  first  order  with  respect  to  the  pyridine-borane 
and  exhibits  no  dependence  on  the  concentration  of  the  boro- 
nium cation. 

Thus,  mechanisms  initiated  by  the  reaction  of  two  mole- 
cules of  the  pyridine-borane  can  be  eliminated  from  discus- 
sion. Instead,  the  pyridine-iodoborane  molecule  must  be  the 


substrate  that  is  subjected  to  nucleophilic  attack  by  the 
boron-hydrogen  bond  of  the  pyridine-iodoborane . 

R-pyBH3  + R-pvBH2I  ->  (R-py)  2BH2+  + BH3l“  (113) 

BH3I  1/2  B2Kg  + I 

A reaction  sequence  of  this  type  is  consistent  with  the  ob- 
served first  order  rate  dependence  with  respect  to  each  re- 
actant. An  SN2  type  displacement  rather  than  a cyclic  con- 
certed process  (S^)  is  favored  for  the  first  step  of  the 

reaction.  The  transition  state  for  S mechanism  would  be 

F 

similar  to  that  proposed  for  hydrogen-halogen  exchange  with 
the  iodide  ion  replaced  by  a pyridine  molecule  in  Figure  59. 
Unlike  the  iodide  ion,  however,  the  pyridine  molecule  would 
have  to  enter  into  three-center  covalent  bridge-bonding  in 
the  transition  state.  No  precedent  exists  for  this  bonding 
arrangement.  Further,  changes  in  the  steric  requirements  of 
the  exchanging  pyridine  molecule  should  markedly  influence 
the  rate  of  reaction  due  to  its  proximity  to  the  reaction 
center.  To  the  contrary,  the  rates  of  reaction  are  nearly 
identical  for  4-methyl  and  2-methyl  substitution  (Table  14) . 
In  addition,  a concerted  reaction  which  does  not  involve  a 
free  pyridine  molecule  in  the  process,  is  incompatible  with 
the  inhibitive  effects  of  diborane  on  the  reaction  rate 
(vide  infra) . 

The  inhibitive  influence  of  diborane  on  the  rate  of  the 
cation-producing  reaction  could  be  interpreted  in  one  of 
three  general  ways.  The  first  of  these  is  that  diborane  de- 
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creases  the  reactivity  cf  a starting  material  via  complex- 
at ion  with  it.  For  instance,  diborane  could  coordinate  with 
the  pyrrdine-borane  molecule  to  form  the  one  to  one  complex 
R-pyBH3*BH3,  a relatively  stable  species  at  0°C.81  However, 
deactivation  of  a starting  material  by  complexation  with  di- 
borane can  be  excluded  from  further  discussion  since  rela- 
tively small  concentrations  of  diborane  cause  significant 
declines  in  the  reaction  rate.  A concentration  of  dissolved 
diborane  of  only  approximately  1%  that  of  4-met'hylpyridine- 
borane  decreased  the  rate  of  the  reaction  by  a factor  of  more 
than  one-naif  (Table  13) . The  second  possible  mode  of  rate 
suppression  by  diborane  would  be  via  a mass  action  effect  on 
the  net  reaction,  since  it  is  reversible.  However,  this 
notion  has  been  excluded  from  consideration  since  the  reverse 
reaction  (equation  99)  is  much  too  slow  to  account  for  the 
observed  inhibition,  and  since  inhibition  by  diborane  via 
this  mechanism  would  also  require  inhibition  by  iodide  ion, 
a phenomenon  that  was  not  observed  experimentally.  Thus, 
it  is  concluded  that  diborane  exerts  its  inhibitive  influence 
on  the  rate  via  an  interaction  with  a reactive  intermediate. 
The  intermediate  must  be  present  in  low  concentration  since 
small  concentrations  of  diborane  lead  to  large  reductions  in 
rate . 

In  contrast  to  the  Sp  mechanism,  the  SN0  displacement  of 
a pyridine  molecule  from  the  pyridine-iodoborane  by  a boron- 
hydrogen  bond  of  rhe  pyridine-borane  can  be  interpreted 
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readily  with  respect  tc  inhibition  by  diborane. 

H H 

R-pyBH  + R-pyBH  I + R-pyB-H-BI  + R-py  (114) 

J z H H 

(XII) 

The  displaced  donor  molecule  must  undergo  subsequent  reaction 

to  form  the  observed  products.  If  diborane  is  also  present 

in  the  reaction  system,  it  would  be  expected  to  complex  with 

the  intermediate  free  amine  terminating  its  progress  along 

the  reaction  path  toward  boronium  cation  production.  Uncom- 

plexed  amine  could  react  in  two  ways  to  form  boronium  cation. 

The  first  of  these  is  the  reaction  of  the  displaced  amine 

with  bridged  intermediate  XII.  This  species  would  be  formed 

by  the  displacement  of  the  amine  leaving  group  from  the 

pyridine-iodoborane  substrate  by  a boron-hydrogen-boron 

bridge  bond.  This  bridged  complex  is  an  analog  of  the  borane 

adduct  of  pyridine-borane  wThich  is  stable  toward  decomposition 
8 1 

at  0°C.  The  same  type  of  bridged  intermediate  was  proposed 
for  the  cleavage  reactions  of  diborane  with  amines. ^ 

r3nbh2-h-bh3 

(XIII) 

Further  reaction  of  XIII  with  free  amine  formed  neutral 
or  charged  products  depending  on  the  site  of  attack  of  the 
second  donor  molecule.  If  the  second  amine  attacked  at  the 
same  boron  atom  as  the  first  (asymmetric  cleavage) , the 
charged  product,  the  bis (amine) boronium  borohydride,  resulted- 
On  the  other  hand,  if  the  second  donor  molecule  attacked  at 
a different  boron  atom  than  the  first  (symmetric  cleavage) , 
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then  two  molecules  of  the  neutral  amine-borane  adduct  were 
formed. 

Likewise , the  bridged  intermediate  XII  is  subject  to 
attack  at  either  boron  atom  by  the  free  pyridine  molecule. 
Attack  at  boron  atom  a (asymmetric  cleavage)  forms  the 
charged  products  by  the  displacement  of  the  iodoborohydride 
anion  as  a leaving  group. 

H H 

^-PYga-n'gb1  + R"PY  (R_py)2BaH2  + BbH3I_  (115) 

The  iodoborohydride  anion  formed  would  decompose  to  diborane 
and  iodide  ion,  the  observed  products  (reaction  109) . Attack 
at  boron  atom  b (symmetric  cleavage)  merely  regenerates  the 
starting  materials  in  an  unproductive  reaction  sequence. 

The  second  route  by  which  displaced  amine  could  form 
boronium  cation  is  by  the  displacement  of  iodide  ion  from  a 
second  molecule  of  amine-iodoborane . 

R-py  + R-pyBH2I  + (R-py)2BH2+l“  (116) 

Reactions  of  this  type  generally  proceed  rapidly,  and  have 
been  expolited  for  the  synthesis  of  a variety  of  bis (pyridine) 
boronium  iodide  salts.  In  this  event,  bridged  inter- 

mediate XII  would  decompose  to  form  amine-iodoborane  and  di- 
borane . 

R~PyBH2-H-BH2I  ->  R-pyBH2I  + 1/2  3 Hg  (117) 

The  net  results  of  a reaction  sequence  initiated  by  re- 
action 114  followed  by  either  reaction  .115  or  116  comply  with 
the  observed  stoichiometry.  Thus,  there  are  two  possible 
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pathways  by  which  the  displaced  amine  could  form  the  observed 
products . 

kl 

R-pyBH-,  + R-pyBH-I  R-pyBH  -H-BK0I  + R-py  (113) 

^ k i 2.  z 

k2  + 

R~py  + R-pyBH2-H-BH,I ^ (R-py)2BHn  + BH-jI 

BH  I 1/2  B H + I.' 

J Z O 

and 

kg 

R-pyBH3  + R-pyBH „ I ^ x R-pyBH2~H-BH2I  + R-py  (119) 

k? ' + 

R-py  + R-pyBH2I  — > (R-py)2BH2  + I 

Jr  ' 

R-pyBH„-H-BH.I  R-pyBH0I  + 1/2  B„H„ 

z Z Z Z 0 

In  the  latter  reaction  sequence,  the  displaced  amine  attacks 
a molecule  of  the  amine-iodoborane  not  involved  in  the  forma- 
tion of  the  bridged  intermediate  (XII) , whereas  in  the  former 
mechanism,  the  displaced  amine  attacks  the  bridged  species 
rather  than  the  amine-iodoborane. 

In  either  reaction  sequence,  the  inhibitive  influence  of 
diborane  is  presumably  exerted  by  its  ability  to  complex  with 
the  intermediate  free  amine  to  form  amine-borane , preempting 
the  nucleophilic  attack  of  the  amine  necessary  for  boronium 
cation  production.  In  either  of  the  mechanisms  under  consid- 
eration, the  net  result  of  intervention  by  diborane  is  to 
interrupt  the  reaction  sequence  leading  to  boronium  iodide 
production.  When  accompanied  by  the  collapse  of  the  bridge 
intermediate  (XII)  to  the  amine-iodoborane  and  diborane, 
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intervention  by  diborane  has  the  net  effect  of  regenerating 
the  starting  materials  in  an  unproductive  reaction  sequence. 


k t 

R“PyBH  3 + R-pyBH^I  R*-pyBH2-H~BH2I  + R-py  (12  0) 

k~l 

R— py  + 1/2  B2Hg e*  R-pyBH3 

k3 

R-pyBH2-H-BH2I — > R-pyBH2I  + 1/2  B2H 


The  progress  of  the  reaction  producing  boron  cation  de- 
pends on  the  ability  of  either  the  amine-iodoborane  or  the 
bridged  intermediate  to  compete  with  diborane  for  the  free 
amine.  In  the  latter  case,  the  boron  atom  originally  re- 
siding in  the  amine-borane  (boron  atom  a)  would  be  located  in 
the  cation,  and  in  the  former  case,  the  boron  atom  originally 
residing  in  the  amine-iodoborane  (boron  atom  b)  would  be 
located  in  the  cation.  Isotopic  labelling  experiments  are 
of  no  value  in  distinguishing  between  the  two  possible  mech- 
anisms due  to  the  rapid  intermolecular  hydrogen-iodine  ex- 
change reactions  characteristic  of  these  systems.  However, 
the.  two  mechanisms  can  be  distinguished  in  terms  of  the 
theoretical  rate  law  that  applies  to  each.  Steady  state 
treatments  with  respect  to  the  bridged  species  and  free  amine 
as  a single  intermediate  lead  to  the  following  rate  laws  for 
boron  cation  formation  for  mechanisms  118  and  119,  respect- 
ively : 


k.k0  [R-pyBH-J  [R-pyBHjI] 


k . + k..  + k.  [B„H,] 
- 1 l 4 j:  O 


1 /o 


rate 


(121) 
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k-jk, [R-pyBK3] [R-pyBH2I] 2 

rate  = =r-jj  (122) 

k_x  + K2[R-pyBH2I]  + k^B^]17^ 

If  the  free  amine  reacts  more  rapidly  with  difcorane  than  any 
of  the  other  possible  substrates,  then  the  rate  laws  become 


k, k_ [R~pyBH0 ] [R-pyBH-I] 

_L  J ^ 


rate 


k4[B2H6] 


1/2 


and 


rate  = 


kxk2 [R-pyBH3J  [R-pyBH2I] 
k4  [B2H6]1/2  ” 


(123) 


(124) 


The  latter  rate  law  expresses  second  order  rate  depen- 
dence with  respect  to  the  amine- iodoborane , whereas  the 
observed  concentration  dependence  with  respect  to  this  reac- 
tant is  first  order.  Consequently,  mechanism  119  is  incom- 
patible with  the  experimental  rate  law,  and  can  be  rejected. 
On  the  other  hand,  rate  law  123  is  consistent  with  the  ob- 
served rate  law  (equation  102)  with  k = k^k^/k^.  Thus, 
mechanism  118,  in  which  a molecule  of  amine  is  displaced 
from  the  amine-iodoborane  by  the  amine-borane  and  then  cleave 
the  resulting  bridged  intermediate  asymmetrically,  is  favored 
The  displaced  amine  is  expected  to  reside  in  the  vicinity  of 
the  bridged  complex  during  the  reaction  sequence.  After 
displacement  from  the  backside  of  boron  atom  b,  the  donor 
must  migrate  tc  boron  atom  a to  effect  asymmetric  cleavage 
and  form  the  bcronium  cation.  Nucleophilic  attack  at  boron 
atom  b merely  regenerates  the  starting  materials.  In  the 
absence  of  diborane,  the  amine  displacement  step  (reaction 
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114)  is  expected  to  be  rate-determining  since  the  boron- 
nitrogen  bond  is  cleaved  in  this  step.  In  the  presence  of 
diborane,  the  second  step  in  tne  sequence  must  become  rate- 
determining  since  simple  second  order  kinetics  are  not  ob- 
served. Diborane  would  be  expected  to  drastically  reduce 
the  concentration  of  free  amine  available  for  cleavage  of  the 
bridged  intermediate.  Thus,  the  second  step  in  the  sequence 
is  rendered  rate-determining  by  virtue  of  the  low  concentra- 
tion of  free  amine. 

In  addition  to  the  rate  law,  mechanism  118  is  also  con- 
sistent with  other  experimental  data,  including  the  effects 
of  variation  in  the  nature  of  the  amine  group  coordinated 
to  boron.  For  example,  an  89%  yield  of  the  bis (amine) boro- 
nium  iodide  was  recovered  after  4 hr  of  refluxing  of  a ben- 
zene solution  of  4-methylpvridine-borane  and  4-methylpyridine- 
iodoborane,  whereas  no  boronium  iodide  salt  was  produced 
after  8 days  of  refluxing  of  a more  concentrated  solution  of 
trimethylamine-borane  and  trimethylamine-iodoborane  in  ben- 
zene. The  latter  system  also  failed  to  yield  any  boronium 
iodiae  when  the  reactants  we re  heated  without  solvent  in  a 
melt  at  85°C  for  14  hr.  The  large  difference  in  reactivity 
cannot  be  attributed  to  a greater  boron-nitrogen  coordinate 
bond  enthalpy  for  the  aliphatic  donor,  since  the  coordination 
enthalpies  of  4-methylpyridine-borane  and  trimethylamine- 
borane  are  nearly  identical . ^ Thus,  a slower  rate  for 
the  aliphatic  system  is  attributed  to 


stsric  effects  of  the 
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bulky  trimethylamine  group  on  the  rate  of  formation  of  the 
bridged  intermediate  or  on  the  rate  of  asymmetric  cleavage 
of  the  intermediate  with  free  amine.  In  the  first  step  of 
the  reaction  sequence,  in  which  the  bridge  bond  is  formed, 
the  approaching  and  leaving  amine  groups  are  on  opposite 
sides  of  the  transition  state  bended  to  different  boron  atoms 
with  no  severe  crowding  between  them.  However,  in  the  asym- 
metric cleavage  step,  in  which  the  iodoborohydride  leaving 
group  is  displaced  by  the  incoming  donor,  both  of  the  amine 
groups  are  on  the  same  side  of  the  activated  complex.  With 
trimethylamine  as  a donor,  there  is  severe  crowding  between 
the  two  amine  groups  in  the  transition  state,  whereas  the 
4-methylpyridine  system  is  relatively  uncrowned.  Similarly, 
Ryschkewitsch  and  Nainan  have  observed  that  iodide  ion  is 

more  readily  displaced  from  pyridine-iodoborane  than  from 

98 

trimethylamine-iodoborane  by  amine  donors. 

The  results  of  Shore  and  Hall  also  support  the  notion 

that  the  inertness  of  the  trimethylamine  system  is  attributable 

to  steric  effects  on  the  second,  and  not  the  first,  step  of 

3 6 

the  proposed  mechanism.  When  singly  bridged  borane  adducts 
of  amine-boranes  (XIII)  were  reacted  with  ammonia  and  some 
alkyl  amines,  the  relative  proportions  of  symmetric  and  asym- 
metric cleavage  products  varied  as  the  bulk  of  the  amine  was 
changed.  With  ammonia  and  rnethylamine,  asymmetric  cleavage 
only  was  observed,  and  with  the  bulky  trimethylamine  donor 
symmetric  cleavage  only  was  observed.  Thus,  the  tendency 
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toward  boron  cation  formation  in  the  reaction  system  studied 
herein  may  be  controlled  to  a large  degree  by  the  steric  re- 
quirements of  the  amine  group.  Asymmetric  cleavage  of  inter- 
mediate XII  leads  to  borcnium  cation  formation,  whereas 
symmetric  cleavage  regenerates  the  starting  materials  in  a 
nonproductive  reaction.  Bulky  amines  favor  symmetric  cleav- 
age, and  boronium  cation  production  is  hindered,  or  as  in  the 
case  of  trimethylamine , does  not  occur  at  all.  Amines  with 
less  stringent  steric  requirements  are  more  likely  to  yield 
asymmetric  cleavage  to  form  boronium  cation.  Thus,  the 
effects  of  ortho  methyl  substitution  on  the  rate  of  reaction 
43  can  be  rationalized  (Table  14).  As  ortho  hydrogen  atoms 
on  the  pyridine  ring  are  substituted  with  methyl  groups  the 
rate  of  the  reaction  decreases,  despite  the  fact  that  the 
coordinate  bond  between  the  displaced  amine  and  boron  de- 
creases in  strength  (Table  20) . The  relative  rates  in  Table 
14  reflect  a lesser  ability  of  asymmetric  cleavage  of  inter- 
mediate XII  to  compete  with  symmetric  cleavage  for  the  bulkier 
amine  donors.  Steric  inhibition  of  asymmetric  cleavage  leads 
to  a slower  rate  of  boronium  cation  production  for  these 
donors . 

The  observed  effect  of  altering  the  electronic  proper- 
ties of  the  donor  on  the  rate  of  reaction  43  is  that  the  rate 
decreases  as  the  base  strength  of  the  amine  increases,  for 
donors  with  similar  steric  requirements  (Table  14) . This 
effect  might  be  exerted  in  the  first  step  of  the  reaction 
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sequence  in  which  the  boron-nitrogen  bond  is  cleaved,  or  in 
the  second  step  in  which  the  bridge  bond  is  broken.  As  the 
base  strength  of  the  pyridine  donor  .increases,  the  strength 
of  the  coordinate  boron-nitrogen  bond  of  the  amine-iodoborane 
increases  (Table  20) , and  a slower  rate  of  the  boron-nitrogen 
bond  cleavage  step  is  expected.  A lower  value  of  for  re- 
action 114  leads  to  a slower  overall  rate  of  boronium  cation 
formation  in  accord  with  rate  law  123.  In  the  second  step  of 
the  reaction  sequence,  positive  charge  is  developing  in  the 
vicinity  of  boron  atom  a as  the  negative  leaving  group  is 
displaced.  Electron-donating  groups  on  the  pyridine  ring 
should  stabilize  the  transition  state  and  increase  the  rate 
of  reaction.  That  is,  a faster  rate  is  expected  for  more 
basic  amine  donors,  in  contrast  to  the  observed  substituent 
effects.  Thus,  it  appears  that  the  electronic  effect  on  the 
overall  rate  is  exerted  predominantly  in  the  boron-nitrogen 
bond  cleavage  step. 

Solvent  effects  on  the  rate  of  reaction  43  are  also  con- 
sistent with  mechanism  118.  In  the  rate-determining  step,  a 
negative  leaving  group  (BH^I  ) is  displaced  by  a neutral 
nucleophile  (R-py) . Thus,  charge  is  being  developed  in  the 

transition  state,  and  the  reaction  should  proceed  faster  in 

112 

a more  polar  solvent.  The  rate  of  boron  cation  production 

via  reaction  43  is  in  fact  greater  in  methylene  chloride 

(k^  = 3.65  x 10  ^ M ■*"  sec  ^ at  25°C)  than  in  the  less  polar 

-6-1  -1 

solvent  benzene  (k£  = 2.7  x 10  M sec  ' at  25°C  from 


275 


Figure  61) . 

In  sharp  contrast  to  the  inertness  of  the  trimethyl- 
amine-borane/trimethylamine-iodoborane  system  toward  boro- 
nium cation  formation  reported  herein,  the  iodination  of  the 

bis(borane)  adduct  of  tetramethylethylenediamine  readily 

11  3 

leads  to  boronium  iodide  production. 


A 93%  yield  of  the  iodide  salt  of  the  chelated  boronium  cat- 
ion was  isolated  after  2 hr  of  reaction  in  refluxing  benzene. 
The  greater  reactivity  of  the  chelated  system  may  be  due  in 
part  to  a weaker  bond  between  nitrogen  and  iodoborane.  The 

second  base  constant  of  ethylenediamine  is  less  than  the  first 

114 

by  more  than  three  K units.  Thus,  coordination  of  a 

P a 

diamine  nitrogen  atom  to  a Lewis  acid  should  decrease  the 
basicity  and  consequently  the  donor  strength  of  the  other 
coordination  site  toward  a second  molecule  of  Lewis  acid. 
However , this  factor  alone  could  not  account  for  the  dramatic 
difference  in  reactivities  of  the  diamine  and  trimethylamine 
systems.  For  example,  the  rate  of  reaction  43  for  4-chloro 
substitution  is  only  about  twice  that  for  4-methyl  substitu- 
tion even  though  there  is  a difference  in  base  strength  of 
more  than  two  K units  for  the  two  doners. 


+ 1/2  B„H 
2 6 


(125) 


P a 
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Sterically,  the  diamine  system  is  more  encumbered  than 
the  trimethylamine  system.  Thus,  it  appears  that  the  greater 
reactivity  of  the  former  must  be  attributed  to  a conforma- 
tional effect.  Examination  of  molecular  models  indicates 
that  it  is  feasible  for  the  framework  formed  by  the  borane 
boron  atom,  the  two  nitrogen  atoms,  and  the  two  bridging  car- 
bon atoms  of  a monoiodinated  intermediate,  H^BN (CH^) 2CH2CH2- 
N(CK2)2BH2I,  to  achieve  a conformation  very  similar  to  that 
expected  for  the  chelated  product.  Once  the  bond  between 
boron  atom  b and  nitrogen  has  been  cleaved  by  intramolecular 
boron-hydrogen  bridge  formation,  a rotation  about  the  bond 
between  boron  atom  a and  nitrogen  in  the  intermediate  bridged 
species  (XIV)  produces  a conformer  ideally  suited  for  chelate 
formation. 

(CH3) 2NCH2CH2NBaH2-H-BbH2I 
(XIV) 

The  iodoborohyaride  leaving  group  and  the  pendant  free  amine 
moiety  are  on  opposite  sides  of  boron  atom  a in  this  confor- 
mation. Nucleophilic  displacement  of  the  iodoborohydride 
anion  by  the  pendant  amine  produces  chelated  boron  cation. 
This  asymmetric  cleavage  step  is  not  subject  to  the  same 
steric  considerations  as  for  the  trimethylamine  system.  In 
the  latter  case,  there  are  severe  steric  repulsions  between 
the  methyl  groups  of  the  incoming  and  coordinated  trimethyl- 
amine moieties.  Attack  at  the  boron  atom  without  a coordin- 
ated amine  group  is  favored  (symmetric  cleavage) , and  no 
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boronium  cation  is  formed.  In  the  diamine  system,  instead 
of  a steric  repulsion  between  the  two  amine  groups,  there  is 
an  attractive  force  between  them  - namely,  the  covalent  bond- 
ing of  the  bridging  ethylene  moiety  - which  holds  the  pendant 
amine  in  the  vicinity  of  boron  atom  a,  as  required  for  boro- 
nium cation  formation. 

The  notion  that  for  reaction  43  the  displaced  amine 

attacks  the  bridged  intermediate  (XII)  rather  than  a molecule 

of  amine-iodoborane  (mechanism  119)  is  supported  by  the  results 

found  with  the  diamine  system.  No  linear  chain  or  larger 

cyclic  products  were  isolated,  nor  were  they  believed  to  be 
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xntermedxates  xn  the  reactxon.  Products  of  this  type  would 

be  formed  by  the  in te molecular  attack  of  a pendant  amine 
group  of  the  bridged  intermediate  on  another  molecule  of 
intermediate  or  starting  material.  Thus,  the  chelated  pro- 
duct results  by  the  intramolecular  displacement  of  iodoboro- 
hvdride  from  boron  atom  a by  the  pendant  free  amine.  By 
analogy,  the  free  amine  in  reaction  mechanism  118  returns  to 
the  bridged  intermediate.  Nucleophilic  attack  at  boron  atom 
a produces  boronium  cation. 

In  summary,  it  appears  that  four  requirements  must  be 
met  for  a system  containing  an  amine  adduct  of  a Lewis  acid 
(R-jNBX-j)  to  form  bis  (amine)  boronium  cation  under  nondissocia- 
tive  conditions. 

(1)  A substrate  must  be  present  with  a displaceable  amine 
group.  This  species  may  be  R-,NBX_  itself  or  another  amine- 

~ O -J 
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Lewis  acid  adduct. 

(2)  R^NBX^  must  be  capable  of  displacing  the  amine  from  a 
second  molecule  of  adduct  via  the  formation  of  a B-X-B 
bridge  bond. 

(j)  The  displaced  amine  group  cannot  be  so  bulky  as  to  pre- 
clude asymmetric  cleavage  of  the  bridged  intermediate  for 
steric  reasons. 

(4)  The  negatively  charged  counterion  of  the  boronium  cation 
product  must  be  compatible  with  it.  For  example,  an  anion 
capable  of  reducing  the  boron  cation  via  amine  displacement 
would  not  be  suitable. 

A solution  of  4-methylpyridine-iodoborane  alone  is  rela- 
tively unreactive  toward  boronium  cation  formation  for  fail- 
ure to  comply  with  the  second  requirement.  The  boron-hydrogen 
bonds  of  amine— haloboranes  are  less  reactive  toward  electro- 
philes than  those  of  the  parent  amine-boranes . 11  A solution 
of  an  amine- iodoborane  contains  no  boron-hydrogen  bonds 
sufficiently  nucleophilic  to  effect  amine  displacement  via 
bridge  bond  formation.  The  solution  must  also  contain  an 
amine-bo rane  for  boron  cation  to  be  produced. 

The  tr imethy lamine-borane/ trimethyl amine -iodoborane 
system  fails  to  produce  boronium  cation  for  lack  of  compliance 
with  the  third  requirement.  Bulky  amines  can  form  chelated 
boronium  cations,  however,  when  both  amines  reside  in  the 
same  molecule  (i.  e.,  a diamine). 

A solution  of  a pyridine-borane  alone  is  relatively 
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stable  to  boronium  cation  production  due  to  incompatibility 
with  the  fourth  requirement.  The  anion  that  would  be  formed 
as  the  counterion  of  the  boronium  cation  by  the  reaction  of 
a pvridine-borane  would  be  the  borohydride  anion. 

2R-pyBH3  - (R-py)2BH2+  + BH^-  (126) 

Bis (pyridine) boronium  cations  can  be  reduced  by  borohydride 
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ion  in  aqueous  solution.  Thus,  although  it  is  expected 

that  the  boronium  cation  is  accessible  kinetically  in  a 
solution  of  a pyridine-borane , the  product  is  not  observed 
due  to  unfavorable  equilibrium  with  respect  to  the  neutral 
adduct. 

By  analogy,  one  might  expect  that  a solution  of  a 
pyridine-borane  and  a pyridine-iodoborane  should  not  be  able 
to  form  boronium  cation.  The  iodoborohydride  counterion 
should  have  reducing  properties  similar  to  those  of  the 
borohydride  anion  with  respect  to  the  boronium  cation.  How- 
ever, there  is  a notable  difference  in  the  stabilities  of 
the  two  anions.  The  iodoborohydride  anion  is  believed  to  be 
unstable  with  respect  to  diborane  formation  via  the  loss  of 
iodide  ion.  As  a result,  species  are  formed  that  are  not 
capable  of  reducing  the  boronium  cation.  Virtually  no  re- 
duction of  the  bis (4-methylpyridine) boronium  cation  occurred 
on  long  standing  of  a solution  of  the  iodide  salt  under  a 
pressure  of  diborane.  Thus,  a mixture  of  4-methylpyr.idine- 
’oorane  and  4-methylpyridi ne-iodoborane  is  well  suited  for 
bis (amine) boronium  cation  formation.  The  amine-iodoborane 
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contains  a displaceable  amine,  the  amine-bo rane  provides  a 
nucleophile  suitable  for  bridge  bona  formation,  4-methvlpyri- 
dine  is  not  sterically  encumbered  as  the  free  amine,  and 
the  iodoborohydride  anion  is  not  capable  of  reducing  the 
boronium  cation  by  virtue  of  its  instability  with  respect  to 
decomposition . 

The  reactions  of  amine-boranes  with  Lewis  acid  adducts 

of  amines  to  form  bis (amine) boronium  cations  are  not  limited 

to  reactions  of  the  amine-borane  with  boron  Lewis  acid  adducts. 

Miller  and  Muetterties  have  synthesized  bis (amine ) boronium 

cations  by  the  reaction  of  amine-boranes  with  ammonium  salts 
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at  high  temperature  and  pressure. 

R3NBH3  + r'3nh+x”  ^ (R3N)  (R*  3N)H2i"x“  + H2  (127) 

By  this  method  it  is  possible  to  prepare  mixed  cations  with 
two  different  amines  coordinated  to  boron.  In  general,  it  is 
expected  that  the  preparation  of  cations  of  this  type  would 
not  be  practical  by  the  reaction  of  the  borane  adduct  of  one 
amine  with  the  iodoborane  adduct  of  another  amine. 

R3NBH3  + R'3NBH2I  + (R  N) (R'  N)BH  +l“  (128) 

Hydrogen-iodine  exchange  between  the  two  starting  materials 
would  produce  a mixture  of  two  amine-boranes  and  two  amine— 
iodoboranes.  The  formation  of  the  mixed  cation  from  the 
borane  adduct  of  one  amine  and  the  iodoborane  adduct  of  the 
other  could  be  accompanied  by  the  formation  of  the  two  un- 
raixed  cations  by  the  reactions  of  the  borane  and  iodoborane 
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adducts  of  identical  amines.  Pure  unmixed  cation  could  be 
prepared  if  the  rate  of  its  formation  from  amine-borane  and 
amme-iodoborane  were  significantly  greater  than  the  rates 
for  unmixed  cation  formation,  if  the  hydrogen-iodine  exchange 
reaction  were  slower  than  cation  formation,  or  if  the  hydro- 
gen-iodine  exchange  equilibrium  were  favored  to  a large  ex- 
tent to  one  side.  The  latter  two  conditions  have  not  been 
observed.  The  first  condition  may  be  responsible  for  the 
formation  of  mixed  chelated  cations  from  the  reactions  of  the 
bis(borane)  adducts  of  asymmetrical  diamines  with  iodine. 

It  appears  that  in  these  systems,  intramolecular  reaction  of 
amine-borane  and  amine-iodoborane  moieties  to  form  boronium 
iodide  salt  is  considerably  faster  than  intermolecular  re- 
action, since  the  only  products  obtained  contain  just  one 
boron  atom  per  cation.  Since  intramolecular  reaction  must 
lead  to  the  formation  of  mixed  boron  cation,  this  is  the  only 
boronium  ion  produced.  Hydrogen-iodine  exchange  between 
borane  and  iodoborane  moieties  coordinated  to  unidentical 
donor  sites  will  not  alter  the  course  of  the  reaction  so 
long  as  boronium  cation  formation  is  an  intramolecular  process. 

The  st£ibility  of  amine-boron  Lewis  acid  adducts  in  gen- 
erai  toward  bis (amine) boronium  cation  formation  can  be  inter- 
preted in  terms  of  the  four  criteria  mentioned  previously. 
Adducts  of  bulky  amines  are  expected  to  be  stable  by  virtue 
of  unfavorable  competition  between  symmetric  and  asymmetric 
cleavage  of  the  bridged  intermediates.  Adducts  of  unencum- 


be  red  oinines  may  or  may  not  be  stable  to  borcnium  cation 

formation  depending  on  the  Lewis  acid.  Adducts  of  borane 

are  stable  due  to  incompatibility  of  the  cation  and  anion 

formed.  Adducts  of  iodoborane  are  stable  due  to  the  lack  of 

^ Hgsnd  on  boron  suitable  for  bridge  bond  formation. 

•Amine  adducts  of  tne  boron  trihalides  might  be  expected 

to  disproportionate  to  form  boronium  cations.  Halogens  are 

suitable  as  bridging  ligands  as  evidenced  by  the  existence 

of  certain  anions,  ^ and  by  the  rapid  halogen 

redistribution  reactions  of  mixtures  of  two  or  more  boron 
16  8 

trihalides.  Further,  the  tetrahaloborate  anion  is 

suitable  as  a counterion  of  the  boronium  cation.  Boronium 


tetrahaloborates  have  been  proposed  as  reaction  products 


irom  the  disproportionation  of  a few  amine-boron  trihalide 


adducts.29'30'62 
haloborate  formed 


However,  the  quantities  of  boronium  tetra- 
were  quite  small,  and  in  general  it  can  be 


stated  that  amine-trihaloborane  adducts  are  stable  toward 


boronium  cation  formation,  particularly  when  comoared  to 
amine-borane/amine-iodoborane  systems.  The  greater  stability 
of  the  boron  t.rihaiide  adducts  might  be  attributed  to  the 
cjrea_ea.  acidity  of  the  Lewis  acids  (boron  trifluoride  is  an 
exception) . The  amine  molecule  in  these  adducts  is  more 
difficult  to  displace  with  the  incoming  bridge  bond  due  to 
a stronger  coordinate  link  to  the  boron  Lewis  acid. 

The  stability  of  amine-boron  trifluoride  adducts  to 
boronium  tetraf luoroborate  formation  cannot  be  attributed  to 
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coraplexation  enthalpy  since  boron  trifluoride  and  borane  are 
comparable  in  acid  strength  toward  amine  donors. 
stability  must  be  of  some  other  origin,  perhaps  the  inability 
of  the  system  to  form  a boron-fluorine-boron  bridge  bond,  or 
to  cleave  it  asymmetrically.  Indeed,  4-methylpyridine- tri- 
fluoroborane  and  4-methylpyridine-iodoborane  do  not  react  via 
the  formation  and  asymmetric  cleavage  of  a boron-fluorine- 
boron  bridge  bond.  Asymmetric  cleavage  of  this  type  would 
lead  to  a difluorobis (4-methylpyridine) boronium  cation  as  a 
product,  which  was  not  observed.  The  dihydrobis ( 4-methylpyr- 
idine) boronium  cation  that  was  formed  must  have  resulted  from 
some  other  mechanism  not  analogous  to  reaction  scheme  118. 

In  accord  with  the  principle  of  microscopic  reversibility, 
the  reduction  of  bis ( 4-methylpyridine) boronium  iodide  with 
diborane  (reaction  99),  which  is  the  reverse  of  reaction  43, 
must  proceed  via  the  same  intermediates.  In  this  case,  the 
first  step  in  the  reaction  sequence  would  be  the  formation 
of  the  iodoborohydride  anion  from  the  reaction  of  diborane 
and  iodide  ion.  Next  the  iodoborohydride  ion  would  displace 
a molecule  of  donor  from  the  boron  cation  via  bridge  bond 
formation  to  produce  intermediate  XII.  Finally,  symmetric 
cleavage  of  the  bridged  intermediate  by  the  displaced  amine 
yields  one  molecule  each  of  amine-borane  and  amine-iodoborane , 
the  observed  products. 


1/2  B„H  + I -*  BH-.I 
2 b 3 


(129) 


234 


BH3l“  + (R-py)7BH2+  ->  R-pyBH2-H-BH2I  + R-py 

R-pyBH2-H-BH2I  + R-py  -*■  R-pyBH3  + R-pyBH2I 

Likewise,  the  reduction  of  bis (pyridine) boronium  cations 
with  borohyaride  anion  can  be  interpreted  in  terras  of  a 
similar  mechanism.  Amine  displacement  via  bridge  bond  for- 
mation between  the  anion  and  cation  produces  a bridged  inter- 
mediate analogous  to  structure  XII.  Symmetric  cleavage 
yields  the  observed  products,  two  molecules  of  amine-borane 
BH4"  + (R-py)2BH2+  ->  R-pyBH2~H-BH3  + R-py  (130) 

R-pyBH2~H-BH3  + R-py  + 2R-pyBH0 

Although  it  is  not  generally  feasible  to  prepare  bis- 
(pyridine) boronium  cations  from  pyridine-boranes , presumably 
due  to  the  reducing  ability  of  the  borohydride  counterion, 
the  synthesis  of  these  cations  from  pyridine-borane/pyridine- 
iodoborane  mixtures  is  practical  due  to  the  instability  of 
the  iodoborohydride  anion  with  respect  to  diborane.  The 
synthesis  is  favored  both  thermodynamically  and  kinetically 
by  the  removal  of  diborane  from  the  reaction  system,  since 
the  overall  reaction  is  reversible  and  since  diborane  inhib- 
ites  the  cation-producing  reaction.  An  additional  driving 
force  for  the  reaction  is  the  precipitation  of  the  insoluble 
boronium  iodide  salt  in  solvents  of  low  polarity.  Thus,  the 
reaction  of  a solution  of  a pyridine-bo rane  with  one-half 
of  an  equivalent  of  iodine  in  a nonpolar  solvent  in  an  ap- 
paratus which  allows  diborane  to  escape  represents  a viable 
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synthesis  for  bis (pyridine) boronium  cations.  This  synthetic 

procedure  has  also  been  exploited  for  the  preparation  of  a 

variety  of  chelated  boronium  cations  from  aliphatic  and  aro- 

113 

matic  dxamxne-bis (boranes) . 

Certain  similarities  and  differences  between  the  boro- 
nium cation  producing  reaction  (reaction  43)  and  the  hydrogen- 
iodine  exchange  reaction  (reaction  52)  should  be  mentioned. 

In  each  case,  it  is  proposed  that  a leaving  group  is  displaced 
from  the  amine-iodoborane  by  the  nucleophilic  attack  of  a 
boron-hydrogen  bond  of  the  amine-borane . The  bridged  species 
which  results  is  subject  to  nucleophilic  attack  at  either 
boron  atom  by  the  displaced  moiety.*  Attack  at  the  boron 
atom  originally  residing  in  the  amine-borane  molecule  leads 
to  the  formation  of  the  products,  whereas  attack  at  the 
boron  atom  originally  residing  in  the  amine-iodoborane  mole- 
cule regenerates  the  starting  materials. 

In  the  cation-producing  reaction  the  displaced  moiety  is 
a pyridine  molecule  and  in  the  hydrogen-iodine  exchange  re- 
action it  is  the  iodide  ion.  Considering  the  basicity  of 
each  leaving  group,  it  is  not  surprising  that  the  hydrogen- 
iodine  exchange  reactions  are  more  rapid  than  the  boronium 
cation  formation  reactions.  When  the  boron-hydrogen  bond 
of  an  amine-borane  attacks  a molecule  of  an  amine-iodoborane 
the  better  leaving  group  (iodide  ion)  is  displaced  mere 

* In  the  SF  mechanism  for  hydrogen-iodine  exchange,  the  dis- 
placement and  nucleophilic  attack  steps  are  synchronous. 
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frequently  leading  to  a faster  rate  for  the  hydrogen-iodine 
exchange  reaction. 

Liekwise,  the  difference  in  the  effect  of  diborane  on 
the  reaction  rates  of  the  hydrogen-iodine  exchange  and  cation- 
producing  reactions  can  be  understood  in  terms  of  the  donor 
properties  of  the  respective  leaving  groups  from  the  amine- 
iodoborane.  Pyridine  donors  form  stable  complexes  with 
borane,  whereas  iodide  ion  does  not.  Consequently,  the 
cleavage  of  a bridged  intermediate  by  the  nucleophilic  attack 
°f  s free  pyridine  molecule  will  be  impaired  in  the  presence 
of  diborane,  and  cleavage  by  iodide  ion  will  not.  Thus,  the 
cation-producing  reaction  is  inhibited  by  diborane,  and  the 
hydrogen-iodine  exchange  reaction  is  not. 

The  effects  of  changing  the  donor  properties  of  the 
pyridine  moiety  are  also  different  for  the  two  reactions  types. 
For  the  cation-producing  reaction,  reaction  rate  decreases 
as  the  base  strength  of  the  donor  increases,  for  amines  with 
similar  steric  requirements  (Table  14) . The  trend  can  be 
attributed  to  the  fact  that  a boron-nitrogen  bond  must  be 
broken  during  the  course  of  the  reaction.  For  hydrogen- io- 
dine exchange  (reaction  52)  no  boron-nitrogen  bond  is  cleaved, 
and  the  opposite  trend  is  observed  for  the  influence  of  base 
strength  on  reaction  rate  (k2  in  Table  6) . 

The  two  reaction  types  also  exhibit  somewhat  different 
sensitivities  to  variations  in  the  steric  requirements  of  the 
pyridine  donor.  For  hydrogen-iodine  exchange  the  rates  are 
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nearly  equal  for  2-methylpyridine-borane  and  2 , 6-dimethyl- 
pyridine-borane , whereas  for  the  cation-producing  reaction 
the  rate  for  the  2-methyl  derivative  is  approximately  five 
times  that  of  the  2,6-dimethyl  derivative.  The  greater  sen- 
sitivity of  the  cation-producing  reaction  to  steric  factors 
may  reflect  the  fact  that  during  the  course  of  the  reaction 
sequence  an  amine  molecule  must  approach  a boron  atom  with 
another  donor  already  coordinated  to  it.  In  the  hydrogen- 
iodine  exchange  reaction,  it  is  not  necessary  for  two  donor 
molecules  to  come  in  close  proximity  of  one  another , and 
steric  interactions  between  them  are  less  significant. 

The  two  reaction  types  are  also  different  thermodynam- 
ically. The  hydrogen-iodine  exchange  reactions  have  equi- 
librium constants  very  near  one.  Although  no  equilibrium 
constants  were  determined  for  the  cation-producing  reaction, 
it  is  apparent  from  the  evidence  presented  herein  that  re- 
action toward  the  boronium  iodide  and  diborane  is  favored. 

In  the  hydrogen-iodine  exchange  reaction,  the  numbers  and 
kinds  of  bonds  remain  constant  as  boron-hyrdogen  and  boron- 
iodine  bonds  are  redistributed  between  amine-boryl  moieties. 
Thermoneutrality  might  be  expected,  and  is  very  nearly  ob- 
served in  all  cases  studied  (Table  20) . Before  decomposition 
of  the  iodoborohydride  anion  occurs,  the  cation-producing 
reaction  can  also  be  viewed  as  an  exchange  reaction  in  which 
boron-nitrogen  and  boron-iodine  bonds  are  redistributed. 

R-pyBH^  + R-pyBH^I  -*■ 


+ bh3i 


(131) 
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Again,  the  numbers  and  kinds  of  bonds  present  remain  con- 
stant and  thermoneutrality  or  near  thermoneutrality  might 
be  expected.  If  the  only  entropy  change  is  the  redistribu- 
tion entropy,  then  an  equilibrium  constant  close  to  one  is 
expected.  Thus,  the  conclusion  that  the  reaction  is  favored 
toward  boronium  cation  formation  must  be  attributed  to  the 
instability  of  the  iodoborohydride  anion  with  respect  to  di- 
borane  formation.  The  formation  of  diborane  is  a driving 
force  available  to  the  cation-producing  reaction  that  is  not 
accessible  to  the  hydrogen-iodine  exchange  reaction.  The 
removal  of  the  reaction  products  - diborane  as  a gas,  and 
the  boronium  iodide  as  an  insoluble  salt  in  nonpolar  solvents 
is  an  additional  driving  force  available  to  the  cation-pro- 
ducing reaction. 


APPENDIX 

DISCUSSION  OF  ERRORS 


Equilibrium  Constants 

The  methods  used  to  establish  error  limits  for  the  con- 
centration terms  and  ultimately  for  the  values  of  the  hydro- 
gen-iodine exchange  equilibrium  constants  in  Table  1 are 
illustrated  below  for  4-chloro  substitution  (reaction  37) . 
Figure  63  presents  a 50  Hz  sweep  width  nmr  spectrum  of 
the  reaction  mixture  obtained  after  5 hr  at  35°C  for  a solu- 
tion originally  containing  1.0  M 4-chloropyridine-borane  and 
1.0  M trimethylamine-iodoborane  in  methylene  chloride.  The 
chemical  shift  region  shown  is  approximately  from  140  Hz  to 
190  Hz.  The  two  major  resonances,  peaks  a and  c,  correspond 
to  the  chemical  shifts  of  trimethylamine-borane  and  trimethyl 
amine-iodoborane , respectively.  Peak  b is  a minor  unidenti- 
fied resonance  observed  in  the  reaction  mixtures  of  most  of 
the  pyridine  derivatives  investigated.  Region  a includes 
one  portion  of  a broad  quartet  assigned  to  protons  bonded  to 
the  isotope  in  trimethylamine-borane. 

Using  ^H  nmr  spectra  of  pure  trimethylamine-borane  and 
trimethylamine-iodoborane  taken  under  similar  conditions  as 
guides,  the  spectrum  of  the  reaction  mixture  was  manually 
apportioned  into  areas  attributed  to  each  solute.  In  Figure 
63,  the  area  of  the  amine-borane  is  maximized  and  the  area 
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of  the  amine- iodoborane  is  minimized,  within  reasonable 
limits,  whereas  in  Figure  64  the  converse  is  true.  F.ach 
figure  was  traced  three  times  with  a planimeter  to  determine 
the  relative  areas  of  each  region  of  the  spectrum.  Tri- 
methylamine-borane  areas  were  multiplied  by  a factor  of 
0.937  (equation  12)  to  eliminate  the  effects  of  resonance  due 
to  boron-bonded  protons.  The  results,  normalized  to  a total 
area  of  trimethylamine  resonances  of  1.000,  are  presented  in 
Table  22. 

The  concentrations  presented  in  Table  1 for  the  tri- 
methylamine adducts  are  the  arithmetic  means  with  average 
deviations  for  the  two  extreme  apportionments  of  the  ^"H  nmr 
spectrum.  The  concentration  range  given  in  Table  1 for  the 
dissolved  bis (4-chloropyridine) boronium  iodide  salt  was  de- 
termined directly  by  integration  of  the  aromatic  region  of 
a 500  Hz  sweep  width  nmr  spectrum. 

Maximum  and  minimum  values  for  the  equilibrium  constant 
for  hydrogen-iodine  exchange  were  calculated  from  the  con- 
centrations in  Table  23  and  equation  46.  The  concentrations 
of  the  pyridine  adducts  in  Table  23  were  calculated  from 
equations  15  - 18.  An  upper  limit  for  the  equilibrium  con- 
stant was  determined  from  the  data  derived  from  Figure  63, 
where  the  trimethylamine-borane  area  was  maximized  and  the 
trimethylamine- iodoborane  area  was  minimized.  Use  of  this 
data  has  the  effect  of  maximizing  the  ratio  [ (CH^ ) ] / 

[ (CH^ ) 3NBH2I3  in  the  equilibrium  expression.  In  order  to 
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Integrated 

Table 
Areas  for 

22 

Figures  63  and  64 

Average 

Trial  1 

Trial  2 

Trial  3 

Figure 

63  Area 

a 

0.532 

0.532 

0.528 

0.531 

Area 

b 

0.001 

0.001 

0.001 

0.001 

Area 

c 

0.467 

0.467 

0.471 

0.468 

Figure 

64  Area 

a 

0.518 

0.520 

0.524 

0.521 

Area 

b 

0.001 

0.001 

0.001 

0.001 

Area 

c 

0.481 

0.479 

0.475 

0.478 

Table  23 

Equilibrium  Concentrations  for  the  Maximum  and  Minimum  Values  of 
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find  upper  limit  for  the  equilibrium  constant  the  ratio 
M-ClpyB^I]  / M-ClpyBH^]  should  also  be  maximized.  To  do 
so,  the  upper  limit  for  the  bis  (4-chloropyridine) boronium 
iodide  concentration  (0.153  M)  was  used  in  calculating  the 
concentrations  of  the  4-chloropyridine  adducts.  Finally, 
the  unidentified  peak  at  164  Hz  was  assigned  as  a product 
of  a secondary  reaction  of  trimethylamine-borane  rather  than 
trimethylamine-iodoborane . As  a result,  the  equilibrium  con- 
centration of  4-chloropyridine-iodoborane  was  calculated 
from  equation  17,  and  the  equilibrium  concentration  of  4- 
chloropyridine-borane  was  determined  by  subtracting  the  con- 
centration of  the  boronium  iodide  from  that  of  trimethyl- 
amine-  iodobor ane . 

The  overall  effect  of  the  above  procedure  was  to  allow 
the  maximum  additive  contributions  of  all  the  errors  under 
consideration  toward  an  upper  limit  for  the  equilibrium 
constant.  By  a similar  process,  a minimum  value  for  the 
equilibrium  constant  was  determined.  The  data  in  Table  23 
derived  from  Figure  64  were  used  to  minimize  the  ratio 
[ (CH-j)  3NBH3 ] / [ (CH3)  3NBH2I]  . To  minimize  the  ratio 
[4-ClpyBH2l] / [^-ClpyBH^]  the  lower  limit  for  the  bis ( 4-chloro- 
pyridine) boronium  cation  concentration  (0.145  M)  was  used, 
and  the  peak  at  164  Hz  was  assigned  to  a product  of  a second- 
ary reaction  of  trimethylamine-iodoborane.  The  equilibrium 
concentration  of  4-chloropyridine-borane  was  calculated  from 
equation  18,  and  the  equilibrium  concentration  of  4-chloro- 
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pyridine-iodoborane  was  determined  by  subtracting  the  boro- 
nium  iodide  concentration  from  that  of  trimethylamine-borane . 
Thus,  the  maximum  additive  effects  of  all  the  sources  of  un- 
certainty under  consideration  toward  a minimum  value  of  the 
equilibrium  constant  were  allowed. 

The  value  of  the  equilibrium  constant  reported  in  Table 
1 is  the  arithmetic  mean  with  average  deviation  for  the  two 
extreme  values  calculated  by  the  methods  described  above. 
Similar  procedures  were  employed  to  obtain  ranges  for  the 
equilibrium  concentrations  and  equilibrium  constants  for  the 
other  pyridine  derivatives  in  Table  1. 

Rate  Constants 
Hydrogen-Iodine  Exchange 

The  rate  constants  presented  in  Tables  4 and  5 were 
determined  from  the  slopes  of  least  squares  plots  of  the 
appropriate  form  of  the  integrated  second  order  rate  equation 
(equations  60  and  61)  vs.  time.  The  confidence  limits  re- 
corded for  the  least  squares  slopes  and  intercepts  correspond 
to  95  % confidence  levels.  For  each  plot  there  is  a 95  % 
probability  that  the  true  slope  lies  within  the  confidence 
interval  established  by  the  experimentally  derived  slope  and 
the  confidence  limits. In  all  cases,  coefficients  of 
correlation  between  the  dependent  and  independent  variables 
were  in  excess  of  0.99,  indicating  that  changes  in  reactant 

concentration  were  attributable  to  reaction  time  only,  and 

118 


no  other  variable. 
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Bis (pyridine) boronium  Cation  Formation 

Two  methods  of  analysis  were  employed  for  the  determi- 
nation of  the  second  order  rate  constants  (k^)  for  the  reac- 
tion of  4-methylpyridine-borane  and  4-methylpyridine-iodo- 
borane  to  form  the  bis (4-methylpyridine) boronium  iodide  salt 
(reaction  44).  The  least  squares  integral  graphical  method 
was  employed  as  described  above  for  hydrogen-iodine  exchange. 
In  addition,  the  tabular  method  of  analysis  was  used.  With 
the  latter  procedure,  concentration  and  time  data  pairs  are 
substituted  into  the  appropriate  integrated  second  order 
rate  equation  (equations  60  and  61) , and  values  of  the  rate 
constant  are  calculated  for  each  pair.  The  relative  standard 
deviation  (Sr)  of  the  resultant  values  of  the  rate  constant 
with  respect  to  the  mean  is  a measure  of  the  precision  of 
the  results. 

It  is  noteworthy  that  for  reaction  44  in  benzene  at 
60.0°C,  the  precision  of  the  least  squares  slope  in  Figure 
34  as  indicated  by  the  narrow  95  % confidence  limits,  is 
considerably  better  than  that  of  the  tabular  method  (Table  8) 
even  though  the  same  data  were  used  for  each  method.  Further 
more,  the  least  squares  slope  value  for  k2  is  significantly 
less  than  the  mean  value  of  the  tabular  method. 

The  differences  arise  from  a basic  weakness  of  the 

104 

tabular  method,  which  is  a ratio  method  of  calculation. 

The  tabular  second  order  rate  constants  are  calculated  as 
ratios  of  concentration  terms  divided  by  time. 
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Ideally,  as  the  reaction  proceeds  this  ratio  should  remain 

constant  (within  the  limits  of  inevitable  indeterminate 

errors).  However,  if  there  is  a constant  determinate  error 

affecting  the  numerator  of  this  ratio  (i.e.  r-)  , the 

ao(ao  " x) 

magnitude  of  the  effect  on  k2  varies  as  the  magnitude  of  the 
numerator  and  denominator  vary.  That  is,  as  the  reaction 
proceeds,  the  calculated  values  of  k2  reflect  not  only  the 
inevitable  random  errors  in  the  variables,  but  also  depend 
on  the  constant  determinate  error,  since  the  magnitude  of  the 
effect  of  that  error  on  the  ratio  varies.  If  the  constant 
determinate  error  makes  a positive  contribution  to  the  numera- 
tor of  the  ratio,  the  calculated  values  of  k 2 continually 
decline  as  the  reaction  proceeds,  since  the  relative  effect 
of  the  error  declines  as  the  magnitude  of  the  numerator  in- 
creases. Such  a decline  is  exactly  the  behavior  exhibited 
by  the  tabular  values  of  k2  in  Table  8.  Inspection  of  the 
calculated  values  of  k2  in  the  table  gives  the  erroneous 
impression  that  second  order  kinetics  are  not  observed  over 
the  portion  of  the  reaction  investigated. 

By  contrast,  the  integral  graphical  method  is  not  sub- 
ject to  the  same  weakness  as  the  tabular  procedure.  If 

there  is  a constant  determinate  error  in  the  dependent  vari- 

x 


able  Y (Y  = 


ao(ao  - x) 


■)  , then  all  of  the  data  points  in  the 


plot  are  displaced  upwards  (or  downwards)  by  the  same  amount. 
The  data  points  still  lie  along  a straight  line  intersecting 
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the  ordinate  at  a point  dependent  upon  the  sign  and  magnitude 
of  the  determinate  error.  The  slope  of  the  line,  which  is 
equal  to  , is  not  altered  by  the  presence  of  the  constant 
determinate  error.  Only  the  intercept  of  the  plot  is  altered. 
The  value  of  the  slope  (k^)  and  the  precision  to  which  it  is 
measured  are  the  same  whether  the  plot  passes  through  the 
origin  or  not.  The  ratio  method  on  the  other  hand,  assumes 
that  the  plot  passes  through  the  origin,  and  the  calculated 
values  of  k0  will  be  imprecise  if  it  does  not.  Since  the 
value  of  the  slope  (and  thus  k£)  is  independent  of  the  pres- 
ence of  the  constant  determinate  error,  the  graphical  method 
of  analysis  has  an  advantage  over  the  tabular  method.  Fur- 
thermore, the  slope  of  the  plot  is  nothing  more  than  the 

change  m the  dependent  variable  ( 7— r)  per  unit  change 

ao  ao  x 

in  the  independent  variable,  time.  This  is  precisely  the 
quantity  that  one  is  attempting  to  evaluate  from  the  kine- 
tic data. 

The  appearance  of  the  integral  plot  in  Figure  34  is 
exactly  what  is  expected  if  the  drift  in  the  tabular  values 
of  k 2 is  attributable  to  a constant  determinate  error  in 
x/aQ(ao  - x) . The  intercept  at  the  ordinate  is  positive, 
indicative  of  a positive  contribution  of  the  determinate  error 
to  Y.  The  source  of  the  error  was  identified  as  a signifi- 
cant extent  of  reaction  at  low  temperature  before  time  zero, 
the  time  when  the  temperature  of  the  reaction  mixture  was 
brought  to  60°C.  In  this  event,  the  initial  concentration 
of  the  reactants  (aQ) , and  the  concentrations  of  reactants 
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consumed  at  any  given  time  (x)  are  both  too  large  by  a 
constant  amount  corresponding  to  the  extent  of  reaction  be- 
fore time  zero.  A constant  error  of  this  type  makes  a con- 
stant positive  contribution  to  Y,  and  consequently  a constant 
upward  displacement  of  each  data  point  is  observed  in  Figure 
34.  Thus,  the  nature  of  Figure  34  is  exactly  as  expected 
for  second  order  kinetics  over  the  range  investigated  if 
some  reaction  occurred  before  time  zero.  Likewise,  the 
drift  in  the  values  for  k ^ calculated  by  the  tabular  method 
conform  to  the  same  type  of  error.  Although  the  error  in  Y 
is  constant,  the  error  in  Y/t  is  not,  since  t varies.  As  t 
increases,  the  influence  of  the  error  decreases,  and  the 
tabular  values  of  k2  continually  decline. 

Table  24  lists  the  data  required  to  calculate  values  of 
Y and  Y/t  for  each  data  point.  Two  methods  of  calculation 
for  Y and  Y/t  were  employed.  In  the  first  of  these,  the 
effects  of  the  determinate  error  were  ignored.  The  results 
are  those  presented  in  Table  8 and  Figure  34.  In  the  second 
method  (modified  procedure) , the  concentration  terms  were 
compensated  for  the  extent  of  reaction  that  occurred  before 
time  zero. 

The  magnitude  of  the  determinate  error  was  determined 
independently  of  the  statistical  treatment  of  the  data  by 
integration  of  the  nmr  spectrum  in  Figure  53.  The  rela- 
tive area  of  the  peak  at  118  Hz  provided  a measurement  of  the 
extent  of  reaction  (6.9  %,  0.035  M)  that  occurred  before 
heating,  since  this  resonance  was  identified  as  that  of  super- 


Table  24 

Kinetic  Data  for  the  Second  Order  Rate  Constant 
or  "Bis  (4-methyIpyridine)  boronium  Iodide  Formatf 
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saturated  bis  (4-methylpyrid.ine)  boronium  iodide,  a product  of 
the  reaction.  To  compensate  for  the  extent  of  reaction  that 
occurred  before  time  zero,  the  initial  concentrations  of  the 
reactants  were  adjusted  to  0.500  - 0.035  = 0.465  M.  Similar 
adjustments  were  made  for  the  concentrations  of  starting 
materials  reacted  (X)  at  each  time  t to  the  proper  values 
relative  to  time  zero. 

Figure  36  is  the  integral  plot  of  the  data  for  the  mod- 
ified procedure.  The  last  entry  in  Table  24  (AY)  is  the  dif- 
ference in  the  values  of  Y for  the  modified  and  unmodified 
procedure  for  each  data  point.  It  is  notable  that  the  value 
of  AY  is  the  same  for  each  data  point.  Thus,  it  is  apparent 
that  the  influence  of  a certain  extent  of  reaction  before 
time  zero  is,  in  fact,  a constant  positive  error  in  Y.  Thus, 
the  slopes  of  Figures  34  and  36  are  identical.  The  only  dif- 
ference between  the  plots  is  the  upward  displacement  of  each 
data  point  by  a constant  amount  in  the  former.  The  effect  of 
this  displacement  is  reflected  in  the  difference  in  the  Y- 
intercepts  for  the  two  plots.  The  plot  in  Figure  36  passes 
through  the  origin,  whereas  that  in  Figure  34  has  a positive 
Y-intercept . 

It  is  significant  that  the  intercept  of  the  least  squares 
plot  was  corrected  to  the  origin  by  the  use  of  an  experimen- 
tally derived  quantity  for  the  constant  determinate  error. 

The  same  error  is  predicted  by  the  intercept  of  Figure  34. 

The  agreement  between  the  two  independently  derived  values  for 
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the  determinate  error  indicates  that  the  assignments  of  the 
nature  and  source  of  the  error  were  correct.  Thus,  the  con- 
clusion that  second  order  kinetics  are  Observed  over  the  ex- 
tent of  reaction  investigated  is  valid. 

This  conclusion  is  supported  by  a comparison  of  the  tab- 
ular values  calculated  for  the  second  order  rate  constant  by 
the  modified  and  unmodified  procedures  (kJ,  and  k2  respective- 
ly, in  Table  8).  After  compensation  for  the  determinate  error, 
the  calculated  values  of  the  second  order  rate  constant  (ki,) 
are  in  good  agreement  for  each  data  point  (Sr  = 5.84  %)  ex- 
hibiting only  the  scatter  expected  for  randomized  indetermi- 
nate errors. 

Although  it  is  possible  to  correct  tabular  calculations 
for  a determinate  error  of  the  type  encountered  here  once  the 
error  has  been  evaluated,  it  is  doubltful  that  the  error 
would  have  been  recognized  by  use  of  the  tabular  method  alone. 
The  drift  in  the  calculated  values  of  k0  recorded  in  Table  8 
suggest  that  second  order  kinetics  were  not  followed  over 
the  reaction  range  examined.  Further,  a reliable  value  of 
the  rate  constant  could  not  be  readily  ascertained  from  these 
data.  By  contrast,  the  determinate  error  was  apparent  when 
the  data  were  evaluated  graphically,  and  compliance  with 
second  order  kinetics  and  a value  of  the  rate  constant  over 
the  reaction  range  investigated  could  be  ascertained  without 
any  knowledge  of  the  source  of  the  error.  Thus,  the  basic 
superiority  of  the  graphical  method  for  kinetic  analysis  is 
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apparent,  and  this  method  was  employed  whenever  possible  in 
this  study. 
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